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CHAPTER 1
INTRODUCTION
1.1Introduction
In the manufacture of wood pulp, metals enter the fiberline along with the wood,
bark residues, cooking liquor, chemical additives, mill water, and the corrosion of
equipment and machinery. Most metal ions have negative impacts on pulp mill
operations [1]. Transition metal ions such as manganese and iron increase the
decomposition rate of hydrogen peroxide in peroxide bleaching operations [2]. They also
promote an increase in the rate of cellulose oxidation, yielding low pulp viscosity.
Calcium and barium promote fouling and scaling in digesters and pipelines. In addition,
they cause discoloration, precipitation, and emulsion instability [3]. The concentrations
of metal ions in pulp and wash waters increase significantly with increasing wastewater
recycling. The development of technology to remove these metal ions requires an
understanding of how metal ions are bound to pulp components. It is also desirable to
predict how metal ions distribute between the pulp fibers and the wash water.
1.2Literature Review
Current knowledge of the interaction between metal ions and wood pulp is
incomplete. Many studies have considered the effect of metal ions on oxygen and
hydrogen peroxide bleaching [4-9]. Other studies considered the interactions of metal2
ions with kraft pulp [10-12]. Because wood pulp is known for its ability to adsorb metal
cations, some studies were focused on the uptake of metal ions by wood pulps so that it
can be used as an adsorbent in the recovery of metals from industrial waste streams.
Specifically, the uptake of di- and tri-valent metal ions by sulfonated pulp [13] or the
uptake of mercury and lead by dyed cellulose materials including wood pulp [14] were
measured.
The following literature review includes metal binding sites of wood puips, the
effects of pH and temperature on metal ion adsorption, and the development of models
for describing metal ion adsorption on wood pulps.
1.2.1Metal Ion Binding Sites of Wood Puips
Although some previous work proposed that wood puips approximate the
properties of an ion-exchange gel [15], it is unclear how metal ions are attached to the
pulps. Metal ions may be bound to ionized groups, form complexes with certain
structures, or exist as insoluble inorganic compounds [16]. Functional groups on wood
pulps may serve as metal ion binding sites. In particular, carboxylic acid groups with
pKa of 4 and phenolic hydroxyl groups withpKa of 10 may serve as metal binding sites
at low and high pH respectively [10, 12, 17]. Perhaps, at low pH the functional groups
on wood pulps responsible for its cation-exchange properties are carboxylic acid groups,
whereas at higher pH the functional groups are carbonyl groups, acidic hydroxyls, and
methoxy groups. Carboxylic acid groups are found in pectic and hemicellulose
components of the cell wall (glucuronic and galacturonic acids) whereas phenolic
hydroxyl groups are from residual lignin of the cell wall. At pH below 3, the exchange
capacity is almost negligible. At higher pH it increases in two steps because more
adsorption sites are generated as groups are ionized [17]. Although many studies
concluded that the carboxylic acid groups serve as ion exchange sites for metal cations at
low pH, the degree of dissociation of this group varies significantly with the ionic
strength of the medium that the pulp is in contact with [18].3
There are two major approaches for determining the intrinsic dissociation constant
of wood puips. In the first approach, Herrington and Petzold [19] extended the
Handerson-Hasselbaich equation to determine the intrinsic dissociation constant (K10) to
wood pulp suspension. Alternatively, the potentiometic titrations were preformed on
unbleached kraft puips and the K0values were obtained from the least squares method
using a program computer to fit the data with the theoretical values derived from the
charge capacitance model [20]. In the pH range 28, Lame et al. [20] found the K10of
acidic functional groups on unbleached wood pulp was not constant but has two values of
3.36 and 5.42.
1.2.2Competitive Adsorption of Metal Ions on Wood Puips
Many studies focused on the competitive adsorption of metal ions on wood pulps.
Eriksson and Gren [11] studied the competitive adsorption of Na, Mg2,Ca2andMn2
onto softwood kraft puips. Their results showed that Na had a weaker bond to fibers
thanMg2and Ca2, and thatMn2bound more strongly than Mg2. Monovalent sodium
ions adsorbed onto pulp twice as much as the divalent Mg2, Ca2, and Mn2. Similar
conclusions were obtained by Wilson [21] and Fernandes Diniz [22]. Furthermore, in
Ca/Na competitive adsorption, wood pulp is selective for sodium at a high calcium
fraction in solutions, whereas it is selective for calcium at a low calcium fraction in
solution [23].
1.2.3Effect of pH on Metal Ion Adsorption
The effect of pH on single metal ion adsorption equilibria for wood pulp has been
studied [8, 10, 22, 24]. However, only a few studies have attempted to characterize the
effect of pH on multi-component metal ion adsorption equilibriums [12, 25]. Rosen [10]
studied the effect of pH on the adsorption of sodium ions on kraft pulp and found that
low pH caused a significant decrease in sodium adsorption. This corresponds to theresults from Fernandes Diniz [22] that, at a low pH of the external medium, H
exchanged with the original cations on wood pulp more efficiently.
Several studies focused on the effect of wash water pH on the removal of metal
ions from wood pulp fibers. Acid washing with a final pH below 2.0 was used to remove
all metal ions initially bound to the pulp [8, 12]. Lapierre et al. [26] and Bouchard et al.
[27] proposed that the pH, not the nature of the acid used, was the main factor in
determining the degree of metal ion removal, either through increased solubility of metal
salts adsorbed on the pulp or through more complete ion exchange between H from
solution and metal ions from the pulp. Bryant and Edwards [8] studied the effect of wash
water pH on the removal of manganese in closed bafi mill bleach plants from pH 1.5 to
11.5. They concluded that in the no-chelant case, the characteristic curve between bound
manganese and pH showed three distinct regions. In the first region, from pH 1.5 to 2.5,
minimal Mn bound to the pulp because in this region all acidic functional groups in the
pulp were in protonated forms. In the second region, from pH 2.5-6.5, the Mn bound to
the pulp increased as the concentration of hydrogen ions competing for the sites
decreased. In the last region, above a pH of 6.5, the Mn concentration on the pulp was
approximately constant. Because of the decreasing solubility of Mn at high pH, the
system changed from an ion-exchange equilibrium controlled system to a non-ion-
exchange controlled system. As the free Mn ions in the solution decreased, the bound
Mn attempted to re-establish equilibrium by dissociation from the pulp. At pH above 10,
precipitation or complexation of metal species, such as that ofMn2asMn(OH)2on the
fibers, might have occurred and could be confused with ion adsorption.
1.2.4Effect of Temperature on Metal Ion Adsorption
The effect of temperature on metal adsorption on wood pulps was considered in
two studies. Rosen [10] studied the effect of temperature on sodium ion adsorption on
kraft pulp fibers over the pH range encountered in pulp washing. He concluded that there
was no difference between the adsorption capacities of sodium ions at temperatures of5
100 and 190°F. However, a slight temperature dependence was observed by Eriks son
and Gren [1 1]. They found that for the single ion system, the temperature dependence
was noticeable but small. For ion exchange in general, there is little temperature effect
on ion exchange [28, 29].
1.2.5Equilibrium Models for Describing Metal Ion Adsorption
A few investigators have attempted to explain the adsorption behavior of wood
pulps at equilibrium. Previous equilibrium models for describing metal ion adsorption on
wood pulp fibers are categorized into three principles: the Donnan equilibrium model
[12, 25], the ion exchange equilibrium model [17, 23, 30], and the modified Langmuir
equilibrium model [11].
Donnan was the first to describe the uneven mobile ion species between ionic
materials such as pulp fibers and the electrolyte solution surrounding them. At
equilibrium, the concentration of free anions is greater in the external solution, whereas
the concentration of free cations is greater in the fiber wall. The Donnan equilibrium
constant characterizes the ratio of the free ion activities. The Donnan model was used to
predict the adsorption of metal ions on kraft pulps [12, 25]. Both studies concluded that a
model combining specific Donnan distribution of hydrogen ions with a non-specific
Donnan distribution of all other metal ions showed agreement between the predicted and
measured distributions of Na, Ca2,Mg2andMn2on unbleached krafi pulps over a pH
range of 2 to 7 [25] and 2 to 10 [12]. However, in these studies, the Donnan equilibrium
model was used to predict the distribution of a single cation between the fiber wall and
the external solution as a function of pH, but not to predict the multi-component metal
ion adsorption. Also the authors used the estimated dissociation constant(pK10=4) of
carboxylic acid, which was not necessarily the dissociation constant of the pulp.
An ion exchange equilibrium model was used to predict the competitive
adsorption isotherms of two or three metal ions as well as protons on krafl pulps in manystudies. Ohlsson and Rydin [17] used the ion exchange equilibrium constants for
describing the equilibrium adsorption of Nat, Mg2, andCa2on unbleached pine kraft
pulp. Because a normal kraft pulp has a low ion exchange capacity (150 meq/kg dry
pulp) and a small void volume (1 mL /g dry pulp), the authors assumed that the
penetration of the fibers was homogeneous when determining the amount of the bound
cations. In addition, they proposed that ion exchange equilibrium constants and the ion
exchange capacity were a function of the ionic strength of the solution. Bryant and
Edwards [30] used a model based on ion exchange and chelation theories to predict the
distribution of Na, Ca, Mg, Mn on bleached kraft pulp over a pH ranging from 1.5 to
11.5. The model adequately agreed with the data. However, the model may be viewed as
less useful because the authors used the empirical value of the dissociation constants
(pKa) of wood pulp acid groups as well as data fitting to obtain the ion-exchange
equilibrium constants.
1.2.6Models for Describing Metal Ion Adsorption Kinetics
Most adsorption models are based on the assumption that equilibrium between the
fluid phase and the fiber is achieved. However, Eriksson and Gren [11] claimed that this
is seldom true and the transport between the fiber and the surrounding liquor should be
considered. The metal ion adsorption kinetics on wood pulp has not been measured as
pervasively as the adsorption equilibrium, let alone the modeling of the adsorption
kinetics. Although the theories underlying the adsorption kinetics are well-established, it
is mathematics that prevents the modeling of the adsorption kinetics from becoming
pervasive. Most models for describing metal ion adsorption kinetics assume that solid
particles are spherical in shape. For example, Leusch and Volesky [31] developed a
model for describing the adsorption kinetics of cadmium on a spherical biomass by
assuming that film diffusion was the rate-controlling step. Yan and Volesky [32]
developed an intraparticle diffusion model for the adsorption kinetics of cadmium in a
spherical, porous biomass. The intraparticle diffusion model for the transfer of a solute
into pulp fibers, which are cylindrical in shape, has never been developed. Although7
Wilson [33] provided solutions for the diffusion of a solute from a stirred solution of
limited volume to a solid cylinder, he assumed that the cylinder was non-porous and had
the same length with solution bath in which the cylinder was immersed. For all these
cases only when the linear partition between metal ion concentrations inside the solid
phase and in the solution phase is assumed can an analytical solution be obtained.
1.2.7Diffusion Within Porous Wood Puips
Wood pulp fiber is recognized as a porous material. Some of the pores exist in
the wood and some are generated in the pulping and bleaching process [34]. The porosity
and pore distribution of wood pulp fibers has been studied [34, 35]. Yiannos [34]
compared the pycnometric density and the apparent cell-wall density calculated from the
weight per volume of fiber and concluded that the two numbers were different due to the
presence of pores. Stone and Scallan [35] used the solute exclusion technique to study
the change in cell wall pore distribution during the kraft pulping of sprucewood. In the
solute exclusion technique, pulp fibers are equilibrated with a solution with known
hydrodynamic diameter. Any water within the cell wall, which is inaccessible to these
molecules, is calculated from the concentration change. The larger the molecule, the
more water is inaccessible to it. By using a wide range of molecular sizes, the pore size
distribution can be determined.
In order to determine the diffusion rate of a solute diffusing within a porous
material, the apparent or effective diffusion coefficient of that solute in the pore solution
of the material is required. The effective diffusion coefficients of metal ions within the
pore solution of pulp fibers have never been measured. However, the effective diffusion
coefficients of organic molecules, such as urea, sucrose, and hemoglobin, through porous
cellulose membranes were measured by Renkin [36]. The effective diffusion coefficient
of a solute within the pore solution is normally smaller than that in the external solution,
depending upon the relative size of the diffusing solute to the size of the pore. Because
the pores are not straight and the solid fraction is not permeable, diffusion takes placeover a longer distance and a smaller cross-sectional area than in a homogeneous material
of equivalent outer dimensions. The effects of a longer pore and a smaller area, when
factored into the diffusion coefficient, reduce the size of the coefficient.
When an electrolyte diffuses, neither cation nor anion diffuses alone. They travel
together to maintain electroneutrality. The effects of solute-solute interaction on the
diffusion coefficient vary. The interaction might be electrostatic as in the case of a strong
electrolyte, or it might associate to form a dimer as in the case of a weak electrolyte. The
effects of the solute-solute interaction on the diffusion coefficient depend on the
concentrations of the solutions. Cussler [37] derived the diffusion coefficients for a
1-1 electrolyte and a non-i-i electrolyte that involved a type of harmonic average of the
ionic diffusion coefficients. Furthermore, solute and solvent may combine to form a new
species that is actually diffusing. In aqueous solution, this combination is called
hydration. In this case, the solute radius used to calculate the effective diffusion
coefficients must be that of the hydrated species. The hydration also decreases the
diffusion rate.
1.3Research Objectives
Previous work has not provided a good understanding of the adsorption behavior
of metal ions onto wood pulps. Specifically, previous work did not correlate adsorption
capacity to pulp functional groups, and the saturation adsorption capacities were not
determined. Therefore, adsorption isotherm data of metal ions on wood pulps would be
useful. Although the effect of temperature on metal ion adsorption on wood pulp has
been studied, the results are inconclusive. Previous studies on the effect of pH on metal
ion adsorption equilibrium have been compromised because of the difficulty in obtaining
accurate results due to low adsorption capacity at low pH, or metal ion precipitation at
high pH.Most metal-pulp binding equilibrium models proposed to date do not incorporate
the combined effects of pH, ionic strength, and pulp constituents, especially COOH and
PhOH functional groups, on the extent of metal ion adsorption. Most ion exchange
equilibrium models from previous work were semi-empirical because the measured
saturation metal ion adsorption capacity was used as opposed to the total metal ion
binding site content of wood pulp. In addition, the model predictions were based on
some kind of data fitting either for the metal ion equilibrium constants or the pKa of the
pulp functional groups. Furthermore, previous work considered only the adsorption of
metal ions regardless of the fact that wood pulp may contain residual adsorbed H. None
of the work compared the ion exchange and the Donnan equilibrium model predictions of
metal ion adsorption on wood pulp as well as the advantages and disadvantages of each
model for different process conditions. Finally, the equilibrium models were not
extended to predict multi-component metal ion adsorption.
The adsorption and desorption kinetics of metal ions on wood puips have not been
measured, let alone the modeling of the adsorption kinetics. The equilibrium data alone
may not be sufficient to estimate the metal distributions within rapid pulp washing
processes, such as the displacement on the surface of a drum washer. Therefore, the
kinetic study is important in assessing the mass transfer limiting actions in pulp washing
operations.
Based on the gap in knowledge addressed above, this research focuses on two
major areas. The first area is the measurement of metal ion adsorption isotherms and
adsorption kinetics as a function of temperature, pulp functional group concentration,
initial metal ion concentrations, and pH. Basic understanding of the metal binding
behavior of wood pulp is drawn from these adsorption data. Whether the binding
between metal ions and wood pulp is ion exchange or complexation, a single-site or a
multiple-site is addressed. The second area is the development of process models that
predict the partitioning of metal ions on pulp fibers and in solution at equilibrium. Also,
two alternate mass transfer models are developed to provide a framework for describing
the metal ion adsorption kinetics.10
Based on these interests, the research objectives are organized as follows.
1. The first objective is to measure the adsorption isotherms for eight metal ions
(Ca, Ba, Mn, Zn, Pb, Cd, Ni, and Na) on bleached and unbleached krafl pulps as a
function of temperature at neutral pH. Finally, the correlation of the saturation
adsorption capacities to wood pulp functional group content at different temperature
levels is obtained.
2. The second objective is to determine the effect of pH on the adsorption of
multi-component metal ions on bleached and unbleached wood pulps at 25 °C.
3. The third objective is to develop ion exchange and Donnan equilibrium models
for predicting the adsorption and desorption of metal ions and proton on wood pulp as a
function of pH and metal ion concentration in solution.
4. The fourth objective is to measure the adsorption and desorption kinetics of
selected metal ions (Ni2, Ba2, Ca2, Na) on wood pulp as a function of temperature,
initial solution metal ion concentration, and mixing speed.
5. The fifth objective is to develop mass transfer models for describing the
adsorption kinetics ofNi2andBa2on wood pulp.
The detailed study of objective 1 is presented in Chapter 2. Chapter 3 presents the
findings from objectives 2 and 3.Finally, chapter 4 presents the findings from
objectives 4 and 5.11
1.4References
1.Ulgren, P., Nonprocess Elements in Bleached Kraft Pulp Mill with Increased System
Closure. Proceeding, 1996 TA PPI Minimum Effluent Mills Symposium, TAPPI Press,
Atlanta, GA, pp.17-26 (1996).
2.Basciano, C.R., Importance of Chemical Pretreatment on the Hydrogen Peroxide
Brightening of Mechanical Puips, Proceeding of the 76th Annual Meeting, Technical
Section, Canadian Pulp and Paper Association, Montreal, p. A7 (1990).
3.Michalowski, R., Control of Metal Ions through Use of Chelating Agents, TAPPIJ.,
76(7):265-266 (1993).
4.Sharpe, P.E., and Rothenberg, S., Refiner Hydrogen Bleaching of Thermomechanical
Puips, TAPPIJ., 5:109-113 (1988).
5.Abbot, J., Catalytic Decomposition of Alkaline Hydrogen Peroxide in the Presence of
Metal Ions: Binuclear Complex Formation, J. of Pulp & Paper Sci., 17(10):J10-J17
(1991).
6.Besta, J., Holtinger, L., and Hook, J., Controlling the Profile of Metals in the Pulp
before Hydrogen Peroxide Treatment, 6th. mt. Symp. Wood and Pulping Chem.,
Paris, pp. 237-244 (1991).
7.Pemg, Y.S., Oloman C.W., and James, B.R., The Effect of Metal Complexes in the
Electrochemically Mediated Oxygen Bleaching of Wood Pulp, TAPPI 1, 76(10): 139-
147 (1993).
8.Bryant, P.S., and Edwards, L.L., Manganese Removal in Closed Kraft Mill Bleach
Plants, TAPPI J., 77(20):137-148 (1994).
9.Prasakis, J., Sam, M., and Daneault, C., Metal Management Improves Peroxide
Bleaching of TMP, TAPPI J., 79(10):161-166 (1996).
10. Rosen, A., Adsorption of Sodium Ions on Kraft Pulp Fibres during Washing, TAPPI
.1., 58(9):156-161 (1975).
11. Eriksson, G., and Gren, U., Pulp Washing: Sorption Equilibria of Metal Ions on Kraft
Puips, Nordic Pulp Paper Res.J., 3:164-170 (1996).
12. Towers, M., and Scallan, A.M., Predicting the Ion-Exchange of Kraft Pulps Using
Donnan Theory, I of Pulp & Paper Sc, 22(9):J332-J337 (1996).12
13. Au, A.A., Cooper D.G., and Neufeld, R.J., Uptake of Metal Ions by Sulfonated Pulp,
Journal WPCF, 59(2):109-114 (1987).
14. Shukla, S.R., and Sakhardande, V.D. Metal ion removal by dyed cellulose materials,
J. Applied Polymer Sci., 42:829-835 (1991).
15. Grignon, J., and Scallan, A.M., Effect of pH and Neutral Salts upon the Swelling of
Cellulose Gels, J. Applied Polym. Sci., 25:2829-2843 (1980).
16. Heijnesson, A., Simonson, R., and Westermark U., Metal Ion Content of Material
Removal from the Surface of Unbleached Krafi Fibres, Holzforschung, 49(1):75-80
(1995).
17. Ohlsson, A., and Rydin, S., Washing of Pulps: Part 2. The Sorption of Na, Mg and Ca
on Kraft Pulp, SvenskPapperstdn., (15):549-552 (1975).
18. Herrington, T.M., Midmore, I Chem. Faraday Trans., 1(80), 1525 (1984).
19. Herrington, T.M., and Petzold, J.C., An Investigation into The Nature of Charge on
The Surface of Papermaking Woodpulps, 2. Analysis of Potentiometric Titration
Data, Co/bids & Surfaces, 64, 109-118 (1992).
20. Lame, J., Lovgren, L., Stenius, P., and Sjoberg, S., Potentiometric Titration of
Unbleached Kraft Cellulose Fibre Surfaces, Colloids Surfaces A. Physicochem. Eng.
Aspects, 88:277-287 (1994).
21. Wilson, K. Determination of Carboxyl Groups in Cellulose, Svensk Papperstidn.,
69(1 l):386-390 (1966).
22. Fernandes Diniz, J.M.B, Application of Chemical Equilibrium to Wood Pulps,
Holzforschung., 50:429-433 (1996).
23. Ampuiski, R.S., The Equilibrium for the NalCa Ion-Exchange Reaction on Bleached
Northern Softwood Kraft Pulp, Nordic Pulp Paper Res.J., 1:38-41(1989).
24. Fernandes Diniz, J.M.B., Determination of the Sulphonic Acid Group Content of
Wood Pulps, Holzforschung, 49:545-547 (1995).
+ ++ ++ ++ 25. Erkki, R., and Stenius, P. The Sorption of Na,Ca,Mg and Mn on Cellulose
Fibres: Prediction and Analysis of Sorption Equilibrium with Electrostatic Models,9th
International Symposium on Wood and Pulping Chemistiy, 94, 1-5, 1997.
26. Lapierre, L.M., Paleologou, M., Berry, R.M., and Bouchard, J., The Limits of Metal
Removal from Kraft Pulp by Acid Treatment, IofPulp & Paper Sci., 23(11): J539-
J542 (1997).13
27. Bouchard, J., Nugest, H.M., and Berry, R.M., A Comparison Between Acid
Treatment and Chelation Prior to Hydrogen Peroxide Bleaching of Kraft Pulps, I of
Pulp & Paper Sci., 21(6):J203-J208 (1995).
28. Boyd, G.E., Ion Exchange, Annual Review of Physical Chemistry, Vol.2 Annual
Reviews, Inc., California, 1951.
29. Rennie, P.M.S., Gray, S.M., and Dickinson, D.J., Copper Based Water-Borne
Preservatives: Copper Adsorption in Relation to Perfonnance against Soft rot.
Inter.Res.Group on Wood Preserv. Doc.No., IRG/WP:3452 (1987).
30. Bryant, P.S., and Edwards, L.L., Cation Exchange of Metals on Kraft Pulp, J. of Pulp
& Paper Sci, 22(1):J37-42 (1996).
31. Leusch, A., and Volesky, B., Film Diffusion in the Batch Biosorption of Cadmium by
Sargassum Fluitans Biomass, Department of Chemical Engineering, McGill
University, Montreal, Quebec, Canada, 1994.
32. Yang, J., and Volesky, B., Intraparticle Diffusivity of Cd Ions in a New Biosorbent
Material, Chem. Tech. Biotechnol., 66, 355-364 (1996).
33. Wilson, A.H., A Diffusion Problem in which the Amount of Diffusing Substance Is
Finite.-I, Philosophical Magazine, 39 (288), 48-58 (1948).
34. Yiannos, P.N., The Apparent Cell-Wall Density of Wood and Pulp Fibers, TAPPIJ.,
47(8), 468-471 (1964).
35. Stone, J.E., and Scallan, A.M., The Effect of Component Removal Upon the Porous
Structure of the Cell Wall, Pulp and Paper Magazine of Canada, 69(6), T288-T293
(1968).
36. Renkin, E.M., Filtration, Diffusion, and Molecular Sieving through Porous Cellulose
Membranes, I Gen. Physiol., 38, 225-243 (1954).
37. Cussler, E.L., Diffusion Mass Transfer in Fluid Systems, 2R Edition, Cambridge
University Press, London, 163-165 (1997).14
CHAPTER 2
ADSORPTION ISOTHERMS
Chapter 2 focuses on the measurements of the adsorption isotherms for eight
metal ions (Ca, Ba, Mn, Zn, Pb, Cd, Ni, and Na) on bleached and unbleached
(brownstock) pulp as a function of temperature at neutral pH. The washing experiments
were also conducted on the pulp, and the NPE profiles on the pulp samples were
measured. Based on the adsorption isotherm and the washing data, the ion exchange
characteristics of metal ion adsorption on the wood pulp were assessed. Because
unbleached brownstock pulp was heterogeneous and the initial conditions of the pulp did
not permit the stoichiometric ion exchange, there was no attempt to apply the
fundamental approaches based on pulp properties and underlying equilibrium adsorption
rather than the empirical Freundlich equilibrium model to the data. However, results
from this chapter provide basis for more theoretical study for subsequent chapters.
Specifically, in Chapter 3 more fundamental analyses of equilibrium adsorption will be
performed on homogeneous bleached puips, whereas in Chapter 4 more fundamental
analyses of kinetic adsorption will be performed on the pulps.
2.1Material and Methods
2.1.1Pulp Samples
Pulp samples were obtained from the Louisiana-Pacific pulp mill in Samoa,
California (LP-Samoa). The brownstock pulps obtained on August 15, 1996 were sampled
off the drums of brownstock washers #1 and #2 when the totally chlorine free (TCF) bleach
plant was in operation. EOP and third-stage peroxide bleached pulp (P3) samples were
also sampled off the drum on August 15, 1996. The brownstock pulp obtained on
December 1, 1997 was sampled off the drum of brownstock washer #1 when the TCF15
bleach plant was not in operation. One additional brownstock pulp sample was obtained on
April 24, 1998 from brownstock washer #2.
2.1.2Functional Group Content of Pulp Samples
Selected physical and chemical properties of these LP-Samoa pulp samples are
presented in Table 2-1. Standard analytical methods were used for estimation of pulp
moisture content (TAPPI T-264 om-88, 1988) and KAPPA number (TAPPI T-236 cm-85,
1984). Carboxylic acid group content of the pulp was assayed by conductiometnc titration
[1] and phenolic hydroxyl group content of the pulp was assayed by oxidation of guaiacyl
groups [2, 3]. Residual lignin content was quantified as phenolic hydroxyl group content
and KAPPA number, whereas residual hemicellulose content was quantified as carboxylic
acid group content. Residual carboxylic acid and phenolic hydroxyl groups in pulp fibers
are putative binding sites for binding of metal ions. Two brownstock pulp samples dated
8/96 were obtained when the TCF bleach plant was in operation. These pulp samples had a
lower KAPPA number, carboxylic acid group content, and phenolic hydroxyl group
content than the brownstock pulp sample dated 12/97, which was collected when the TCF
bleach plant was not in operation. When the TCF bleach plant was in operation, the pulp
was cooked to a lower KAPPA number to improve the efficiency of the TCF bleaching
process. The carboxylic acid content of the pulp decreased modestly as the bleaching
sequence moved from the brownstock to third peroxide stage (P3), whereas the phenolic
hydroxyl group content decreased to nearly zero by stage P3. Unbleached brownstock pulp
contained carboxylic acid and phenolic hydroxyl groups in approximately in equal
amounts, whereas the final P3 bleached pulp contained only carboxylic acid groups.Table 2-1. Functional Group Content of LP-Samoa Pulp Samples
Property #1 BS #2 BS EOP P3 #1 BS #2 BS
(8/96) (8/96) (8/96) (8/96) (12/97) (4/98)
Avg. ±1.Os.d.(n)Avg.±1.Os.d.(n)Avg. ±1.Os.d.(n)Avg.±1.Os.d.(n)Avg.±1.Os.d.(n)Avg. ±1.Os.d.(n)
KAPPA number 33.4±0.14 (2)18.5±0.072 (2) 3.7±0.27 (3) <2.5
Carboxylic acidcontent
(mmol COOH/g dry pulp)
Before acid washing 0.088±0.004 (2)0.056±0.001 (2)0.048±0.001 (2)0.041±0.001 (2)0.100±0.000 (2)
After acid washing 0.053±0.001 (2)0.037±0.001 (2)0.044±0.001 (2)0.108±0.006 (2)0.055±0.000 (2)
Phenolic hydroxyl content
(mmol PhOH/g dry pulp)
Before acid washing0.075±0.002 (2)0.056±0.001 (2)0.0056±0.0001 (2)0.0031± 0.0003 (2)0.093±0.001 (2)
After acid washing 0.052±0.004 (2)0.0047±0.0010 (2)0.0031± 0.0001 (2)0.076±0.001 (2)0.026±0.001 (2)
Total group content
(mmol/g dry pulp)
Before acid washing 0.163 0.112 0.054 0.044 0.193
After acid washing 0.105 0.042 0.047 0.184 0.08117
2.1.3NPE Metal Profiles in Pulp Samples
2.1.3.1 NPE Metal AnalysisofPulp Samples
Metals in pulp samples were profiled from nitric-acid digested pulp samples by
inductively coupled argon plasma (ICAP) spectroscopy usinga Jarrel-Ash model 9000
ICAP. Average values based on duplicate measurements of each samplewere reported.
All reported errors represent the replication error of the ICAP analysison a given sample,
not random errors associated with repeat washing experiments or multiple samples
obtained from an operating pulp mill.
The profile of nonprocess element (NPE) metals in the LP Samoa unbleached
brownstock pulp from washer #1 (#1 BS, 8/96 sample) and LP-Samoa fully bleached P3
pulp (8/96 sample) are presented in Table 2-2. The brownstock pulp represents the fiber
NPE input to brownstock washer train and TCF bleach plant, whereas the P3 pulp
represents the fiber NPE output from the TCF bleach plant. Calcium (Ca) was the
dominant NPE metal in both the brownstock and P3 puips, with concentrations of at least
1000 mg Ca/kg pulp. The dominant transition metals in the brownstock pulp, all ranging
from 10 and 50 mg/kg dry pulp, were iron (Fe), manganese (Mn) and zinc (Zn). The
concentrations of transition metals in the P3 pulp were all below 15 mg/kg dry pulp.18
Table 2-2. Nonprocess Metals in LP-Samoa Pulp Samples before Acid Washing
Metal Concentration (mg metal/kg dry pulp)
M te a #1 BS 6196 P3 8/96
Before Acid Washing Before Acid Washing
Ca 1562.0± 3.4 1047.0
Mg 410.5±9.2 284.0
Na 220.5±23.3 40.0
K 48.2±2.9 85.2
Zn 37.5±3.3 13.8
Al 15.0± 1.6 3.5
Fe 14.2± 1.6 4.0
Mn 14.4±0.3 2.0
Ba 11.1±0.1 5.9
Ni
Totals (a)
mg/kg pulp 2347± 136 1490
mmol / kg pulp 45.1 42.3
meq / kg pulp 85.5 80.8
(a) Includes all 26 metals analyzed (Cr, Mn, Fe, Co, Ni, Cu, Zn, Al, Se, As, Mo, Ag, Cd, Sn, Sb, Pb,
Ti, Sr, Ba, Be, Na, Mg, K, Ca, Ti, V) but does not include nonmetals B, Si, S, P
2.1.3.2 Acid Washing and Ion ExchangeofPulp
The pulp samples from the mill were washed with dilute sulfuric acid or dilute
hydrochloric acid to remove metals bound to pulp. The hydrogen ions in the acid solution
displaced metal ions adsorbed on the pulp and helped to dissolve insoluble metal
precipitates on the pulp. To prepare acid-washed pulp, the pulp fibers were mixed with de-
ionized/distilled water to 2.0 wt% consistency, and then 1.0 N acid stock solution (H2SO4
or HCI) was added to the sluny until the final pH of the mixture was nominally 2. At pH
2.0, the mixture was continuously stirred for an additional 30 minutes at 75 °C. The pulp
was vacuum filtered and then rinsed with de-ionized/distilled water under vacuum filtration
until the pH of the washings was constant.19
To prepare a given pulp sample with a uniform NPE profile, the acid-washed pulp
was exchanged with either calcium, sodium, or nickel ions. Specifically, acid-washed pulp
and 0.01-0.05 M metal chloride solution (CaC12, NaC1, or NiC12) were mixed to 2.0 wt%
consistency at room temperature for 30 minutes. The pulp was then rinsed with
deionized/distilled water until the washings were pH neutral (6-7) and contained no
detectable calcium ions. This process exchanged hydrogen ions adsorbed on the acid-
washed pulp with calcium, sodium, or nickel ions to produce a calcium-, sodium-, or
nickel-exchanged pulp, respectively.
2.1.4Single Metal Ion Adsorption Measurements
The adsorption isotherm specifies the amount of metal adsorbed onto the pulp at a
given temperature as a function of the concentration of the metal ion in the solution
contacting the pulp at conditions of equilibrium. In an ion exchange adsorption process,
the adsorption sites for ion exchange must already possess an adsorbed ionic species in
order for the metal ion to displace the adsorbed ion and maintain charge neutrality between
solid adsorbent and the ionic solution surrounding it. All metal ion adsorption isotherms
were performed on calcium-exchanged pulp in order to provide a common adsorbent for
ion exchange.
Process conditions for measurement of the metal ion adsorption on wood pulp are
summarized in Table 2-3. All metal ion adsorption experiments were carried out by mixing
a calcium-exchanged pulp with an aqueous solution of one given metal ion. Typically, 50
mL of the pulp suspension was contained within a sealed, 250 mL screw cap erlenmeyer
flask. Each metal ion solution was prepared by dissolving its salt (BaCl2, CaC12,CdNO3,
MnC17, NiC12, PbNO3, ZnSO4, NaCl) into de-ionized!distilled water. Metal concentrations
ranged from 25 to 1500 mg of free metal per liter of solution. No pH adjustments were
made to the solution to avoid adding either hydrogen ion (e.g. HC1) by acid addition or
another metal (e.g. NaOH) by base addition. To begin the adsorption experiment, 50 mL of
the metal ion solution of known initial concentration was added to a given flask. Prepared20
Ca-exchanged wet pulp of known moisture content was weighed and then added to the
flask to provide a pulp consistency of 1.0 wt%. Before the pulp was added to the flask, 0.5
mL sample of the solution was pipetted from the flask to accurately determine the true
initial metal ion concentration. The screw-cap flask was sealed tightly to minimize the
possibility of evaporation during the adsorption experiment. The flasks were placed within
a temperature-controlled orbital shaker set to a given temperature (25, 50, or 75 °C) and
mixed continuously at 160 rpm. After the desired contact time, another 0.5 mL sample of
the solution was pipetted from the flask. The pH values of metal ion solution before
addition to the pulp and at the end of the adsorption experiment were measured with a pH
electrode.
The metal ion concentration in solution was determined by capillary electrophoresis
using a Dionex Capillary Electrophoresis System I at the following operating conditions:
IonPhor Cation DDP electrolyte buffer (Dionex 046071), 50 mm ID x 50 cm length
capillary, 20kV separation voltage, UV detection at 215 nm.
Table 2-3. Experimental Conditions for Metal Ion Adsorption Experiments
Condition
Pulp
Dry weight
Wet weight
Consistency
Metal ion solution
Initial concentration
Volume
Vessel
Agitation
Temperature
Adsorption time
Value and Units
0.50g
2.00g
1.0 wt %
25 1500 mg metal ion IL
50 mL
250 mL Erlenmeyer flask (screw cap)
160 rpm, orbital shaker
25,50,75°C
2- 24 hrThe adsorption capacity of a given metal ion bound onto the wood pulp (Q mg
metal/g dry pulp, orqj,fmmol metal/g dry pulp) as determined by the material balance
equation
C1,0 V0C V
(2.1)
m
21
where C1,0is the initial metal ion concentration in the flask (mg metal ion!L), is the
final metal ion concentration in the flask (mg or mmol metal ionlL), m is the equivalent
dry mass of calcium-exchanged pulp in the flask (g),V0is the initial solution volume (L),
and Vf is the final solution volume (L). Control experiments containing no pulp were
performed in parallel for a given series of adsorption experiments to determine any
potential evaporative losses of solution needed for accurate estimation of A contact
time of 24 hr was ensured adsorption equilibrium between the metal ions in solution and
the metal ions bound to pulp. All adsorption experiments at a given initial metal ion
concentration were carried out in triplicate. Average values for the final metal ion
concentration (C) and final metal ion loading on the wood pulp(Q7jor q11) were reported.
2.2Results and Discussion
2.2.1 NPE Profiles in Pulp after Acid Washing and Ion Exchange
The NPE metal profiles in brownstock and P3 pulp samples after acid washing and
ion exchange with either calcium, sodium, or nickel ions are presented in Table 2-4. After
acid washing, the calcium concentration in the brownstock pulp (#1 BS, 8/96 sample) was
200 mg Ca/kg dry pulp. The total equivalents of residual metals retained on the
brownstock pulp (#1 BS, 8/96 sample) was 0.0 14 meq/g dry pulp. Since the concentration
of carboxylate functional group equivalents on the brownstock pulp (#1 BS, 8/96 sample)22
was 0.088 meqlg dry pulp, the balance of the carboxylate sites was assumed to be in the
hydrogen-exchanged form.
After calcium washing, the calcium content in the brownstock pulp (#1 BS, 12/97
sample) was 1225 mg/kg dry pulp (0.0306 mmol/g dry pulp, 0.061 meq/g dry pulp).
Rinsing the acid-washed pulp with tap water, which contained calcium, sodium, and
magnesium as the predominant metal ions (Ca = 5.0 mg/L, Na = 12.3 mg/L, Mg = 1.7
mg!L), also produced a predominantly calcium-exchanged pulp (1305 mg/kg dry pulp,
0.032 mmol/g dry pulp) with some magnesium-exchanged sites (256.5 mg/kg dry pulp,
0.0 10 mmol/g dry pulp).
Calcium-exchanged pulps were used for all metal ion adsorption experiments, with
the exception of the calcium-ion adsorption isotherm experiments, because Ca was the
dominant divalent metal introduced into the pulping process and remained on the pulp
samples. For determination of the calcium ion adsorption isotherm, nickel-exchanged pulp
was used. The nickel-exchanged pulp was prepared according to the same procedure as the
calcium-exchanged pulp, only using 0.01 M nickel chloride(NiC12)instead of 0.01 M
CaC12. The nickel concentration in the nickel-exchanged brownstock pulp (#1 BS, 12/97
sample) was 2095 mg/kg dry pulp (0.036 mmol/g dry pulp).
The exchanges between metal ions from wash solution and hydrogen ions bound to
the carboxylate binding sites after acid washing were not complete. For example, the
concentration of carboxylate functional group equivalents on the brownstock pulp (#1 BS,
12/97 sample) was 0.100 meq/g dry pulp. After calcium exchange withCaCl2solution, the
pulp contained 0.065 meq total metal ions/g dry pulp (65% of carboxylate sites).
Therefore, there was 0.03 5 mmol H/g dry pulp still remained on the carboxylate sites of
the pulp. Furthermore, after nickel exchange of acid washed pulp (#1 BS, 12/97 sample)
with NiCl2 solution, the pulp contained 0.080 meq total metal ions/g dry pulp (80% of
carboxylate sites). Consequently, 0.020 mmol H/g dry pulp still remained on the
carboxylate sites of the pulp. In addition to the primary metal ions (Ca or Ni) adsorbed on23
the pulp after the ion exchange, Mg, Na, Al and Fe in the pulp ranging from 10 to 30 mg/kg
dry pulp were also observed.
The acid-washed brownstock pulp (#1 BS, 8/96 sample) was washed with 0.01 M
NaOH solution followed by distilled water rinsing to produce sodium-ion exchanged pulp.
The sodium concentration in the pulp was 1045 mg/kg pulp (0.045 mmol/g dry pulp, 0.045
meq/g dry pulp, 51% of carboxylate sites). However, if acid washed brownstock pulp (#2
BS, 4/98 sample) was washed with 0.01 M NaC! solution followed by distilled water
rinsing, sodium exchange was 562 mg/kg dry pulp (0.024 mmol/g dry pulp, 0.024 meq/g
dry pulp, 44% of carboxylate sites). The NaOH washing may be more effective than NaCI
washing because NaOH neutralizes hydrogen ions released by ion exchange to eliminate
competition of hydrogen ions for adsorption and to provide an additional driving force for
sodium ion adsorption.Table 2-4. Nonprocess Metals in LP-Samoa Pulp Samples after Acid Washing and Ion Exchange
Metal Concentration (mg metal I kg dry pulp)
#1 BS 8/96#1 BS 8/96#1 BS 8/96 P3 8/96#1 BS 12/97#1 BS 12/97#1 BS 12/97#2 BS 4/98#2 BS 4/98
After Acid Metal After AcidAfter Acid After Acid After Acid After AcidAfter Acid After Acid After Acid
+Dl Water+Tap Water+NaOH +CaCl2 +Tap Water +CaCl2 +NiCl2 +Cad2 +NaCI
Washing Washing Washing Washing Washing Washing Washing Washing Washing
Ca
Mg
Na
K
Zn
Al
Fe
Mn
Ba
Ni
Totals (a)
mg/kg pulp
mmol/kg pulp
meq/kg pulp
meq COOH/kg pulp
200.5±5.0956.0±8.5 175.5±5.0 709.5±40.31305±35.41225±49.544.4±3.3639.5±23.312.3±2.8
25.1±2.2199.1±2.127.6±0.86.3±0.1256.5±6.425.7±1.638.1±4.339.7±1.326.1±2.2
10.7± 0.69.7± 0.71045±21.213.2±0.317.6±0.911.5±2.610.4±1.632.9±2.4562.0±17.0
6.0±0.54.7± 0.211.4±0.63.5±0.76.3±0.66.0±0.25.9±0.140.9±0.917.6±1.1
3.8±0.331.9± 1.25.3±0.512.5±1.642.9±6.70.7±0.113.2±0.1 7.0±0.62.2±1.1
2.0±0.421.3±2.12.1±0.41.4±0.012.9±5.63.9±0.916.2±0.64.4±0.18.7±0.0
8.6±1.113.7± 1.67.2±3.48.0±0.320.3±1.711.7±0.018.1±0.98.8±0.112.4±0.5
0.9±0.21.0± 0.1 1.1±0.5 1.1±0.10.4±0.00.5±0.0 0.3±0.00.3±0.1
0.8±0.11.0± 0.11.1±0.1 - 0.8±0.10.3±0.20.2±0.00.2±0.00.3±0.1
- - - - -
- 2095±33.9 - -
291.6± 5.81281±5.51301 ±26.6768.0±29.71691 ±22.01309±82.02247±35.5797.1 ±38.6667.0±32.7
7.4 34.5 51.8 19.2 45.9 32.9 40.2 20.7 27.1
14.2 69.3 58 37.7 90.9 65.3 80.3 39.2 29.6
88.0 88.0 88.0 41.0 100.0 100.0 100.0 55.0 55.0
(a) Includes all 26 metals analyzed (Cr, Mn, Fe, Co, Ni, Cu, Zn, Al, Se, As, Mo, Ag, Cd, Sn, Sb, Pb, TI, Sr, Ba,Be, Na, Mg, K, Ca, Ti, V) but
does not include nonmetals B, Si, S, P25
2.2.2Singte Metal Adsorption Isotherms
The adsorption isotherm experiments for metal ions on wood pulp are summarized
in Table 2-5. Adsorption isotherm data for six separate divalent metal ions on calcium-
exchanged LP-Samoa brownstock pulp (8/96 and 12/97 samples), including barium (Ba2),
cadmium (Cd2), manganese (Mn2), nickel (Nf12), lead (Pb2), and zinc (Zn2) are
presented in Figures 2-1 to 2-6, respectively. Adsorption isotherm data for five of these
divalent metals (Ba, Cd, Mn, Ni, Zn) were obtained at three temperatures (25, 50, 75 °C) on
brownstock pulp. The adsorption of calcium ions (Ca2) on the pulp cannot be determined
if the pulp is already calcium ion exchanged. Therefore, for the calcium ion adsorption
measurements, nickel-exchanged pulp was used since nickel is not an NPE metal normally
associated with wood pulp. The adsorption isotherm data for calcium ions (Ca2) on
nickel-exchanged LP-Samoa brownstock pulp at 25 °C are presented in Figure 2-7. The
final pH of all the metal ion adsorption measurements was always between 5 and 7 over all
the concentration ranges tested. In this pH range, the metal ions existed as free divalent
cations. Metal ion concentrations exceeding 1000 mg/L were needed to achieve the
saturation adsorption capacity for all the metals considered. On a mass basis, the saturation
adsorption capacity ranged between 2 and 10 mg metal per gram of dry pulp at 25 °C, with
zinc (Zn) being the lowest and lead (Pb) being the highest. The adsorption capacity
decreased with increasing temperature. Specifically, the adsorption capacity at 75 °C was
approximately one-half of the adsorption capacity at 25 °C for all the metals.
Adsorption isotherm data for nickel ions on LP-Samoa TCF bleach plant pulps at
25 °C, including calcium-exchanged EOP pulp (8/96 sample) and calcium-exchanged P3
pulp (8/96 sample) are presented in Figure 2-8. Adsorption isotherm data for barium ions
(Ba2) and sodium ions (Nat)on Ca-exchanged P3 pulp are provided in Figure 2-9 and 2-
10, respectively.Table 2-5. Summary of Metal Ion Adsorption Experiments on Wood Puips
PulpCharacteristics Process Conditions
Metal
ype -COOH-PhOH AcidExchangedTemp.AverageFigure#
(mmol/g) (mmol/g) Washing Form (°C) pH
Ba#2 BS 81960.0530.052H2SO4 Ca (tap) 25 6.04 2-1
Ba#2 BS 8/960.0530.052H2SO4 Ca (tap) 50 5.27 2-1
Ba#2 BS 8/960.0530.052H2SO4 Ca (tap) 75 5.47 2-1
Cd#2 BS 8/960.0530.052H2SO4 Ca (tap) 25 6.01 2-2
Cd#1 BS 8/960.0880.075H2SO4Ca (tap) 50 5.58 2-2
Cd#1 BS 8/960.0880.075H2SO4 Ca (tap) 75 5.80 2-2
Mn#2 BS 8/960.0530.052 H2SO4 Ca (tap) 25 5.97 2-3
Mn#2 BS 8/960.0530.052 H2SO4 Ca (tap) 50 4.55 2-3
Mn#2 BS 8/960.0530.052H2SO4 Ca (tap) 75 5.78 2-3
Ni#1 BS 12/970.1080.076 H2SO4 Ca (tap) 25 5.44 2-4
Ni#1 BS 12/970.1080.076H2SO4 Ca 25 4.71 2-4
Ni#1 BS 12/970.1080.076H2SO4 Ca 50 4.36 2-4
Ni#1 BS 12/970.1080.076H2SO4 Ca 75 4.28 2-4
Pb#1 BS 8/960.0880.075H2SO4 Ca (tap) 25 5.41 2-5
Zn#2 BS 8/960.0530.052H2SO4 Ca (tap) 25 5.79 2-6
Zn#1 BS 8/960.0880.075H2SO4 Ca (tap) 50 5.77 2-6
Zn#1 BS 8/960.0880.075H2SO4Ca (tap) 75 5.75 2-6
Ca#1 BS 12/970.1080.076H2SO4 Ni 25 5.09 2-7
Ni EOP 8/960.0370.005 H2SO4 Ca (tap) 25 5.89 2-8
Ni P3 8/96 0.0440.003H2SO4Ca (tap) 25 5.77 2-8
Ba P3 8/96 0.0440.003 HCI Ca 25 5.49 2-9
Na P3 8/96 0.0440.003 HCI Ca 25 5.50 2-1027
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Figure 2-1. Ba Adsorption Isotherms on Calcium-Exchanged LP-Samoa
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Figure 2-2. Cd Adsorption Isotherms on CaIciumExchanged LP-Samoa
Brownstock Pulp at Temperatures of 25 to 75 °C29
8.0
7.0
6.0
0)
C
0)
'I-
3.0
0
4-.
I-
0
U)
c 1.0
C
0.0
0250C
500C
z750C
0 200 400 600 800 10001200
+2 Final Mn solution concentration, C(mg Mn I L)
Figure 2-3. Mn Adsorption Isotherms on Calcium-Exchanged LP-Samoa
Brownstock Pulp at Temperatures of 25 to 75 °C30
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Figure 2-4. Ni Adsorption Isotherms on Calcium-Exchanged LP-Samoa
Brownstock Pulp at Temperatures of 25 to 75 °C31
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Figure 2-5. Pb Adsorption Isotherms on Calcium-Exchanged LP-Samoa
Brownstock Pulp at Temperature of 25 °C32
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Figure 2-6. Zn Adsorption Isotherms on Calcium-Exchanged LP-Samoa
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Figure 2-7. Ca Adsorption Isotherms on Nickel-Exchanged LP-Samoa Brownstock
Pulp at Temperature of 25°C34
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Figure 2-8. Ni Adsorption Isotherms on Calcium-Exchanged LP-Samoa EOP and
P3 Pulps at Temperature of 25 °C35
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Figure 2-9. Ba Adsorption Isotherm and Ca Desorption Isotherm on Calcium-
Exchanged LP-Samoa P3 Pulp at Temperature of 25°C36
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Figure 2-10. Na Adsorption Isotherm and Ca Desorption Isotherm on Calcium-
Exchanged LP-Samoa P3 Pulp at Temperature of 25 °C37
2.2.3Ion-Exchange Characteristics of Metal Ion Adsorption on Puips
Metal ion adsorption onto wood pulp assumes that the metal ions bind to residual
carboxylate (- COO ) sites. Carboxylate has one equivalent of metal ion exchange per
mole. Therefore, one molecule of a divalent metal ion requires two carboxylate binding
sites, whereas one molecule of a monovalent metal ion requires one carboxylate binding
site. Metal ion exchange onto wood pulp also requires electroneutrality on the pulp and
in solution. For example, the exchange of nickel ions with calcium ions on calcium-
exchanged pulp is given by
Ni2+CaS2'c-Ca2+NiS2 (2.2)
where S represents a single carboxylate site. Similar reactions can be written for all other
divalent metals. The theoretical adsorption capacity for a given metal ion on wood pulp
based on an ion exchange process with carboxylate sites on the pulp is given by
= (2.3)
vi
where q is the total carboxylate binding site concentration (mmol C00 /g pulp) and
v. is the coordination number for the metal ion (mmol metal ionlmmol C00). For an
ion exchange process, all carboxylate sites must be bound to either hydrogen or metal
ions. The acid dissociation constant(pKa) of carboxylic acid groups on unbleached wood
pulp is 3.4 [8]. At pH 5 and greater, less than 3% of the carboxylate groups are protonated
if other metal ions are present to bind with carboxylate sites. Therefore, most of the
residual carboxylate sites on the pulp can serve as metal ion exchange sites at pH 5 to 7.
Nickel and calcium ions were selected as representative metal ions to study the
ion exchange characteristics of metal ions on wood pulp. Calcium was used as a bound
metal ion because it is divalent alkaline earth metal that is also the dominant divalent38
metal carried in with pulp. Nickel was used as a divalent probe metal because it binds
strongly to pulp, and it is not an NPE transition carried in with wood pulp. Nickel ion
adsorption isotherm data and calcium desorption isotherm data (the extent ofCa2release
from the pulp) on calcium-exchanged brownstock pulp (12/97 sample) at 25 °C are
shown in Figure 2-11. At lowNi2concentration, the nickel adsorption capacity
increased rapidly with increasingNi2concentration in solution, whereas at higherNi2
concentrations the nickel adsorption capacity increased with a decreasing rate until the
saturation adsorption capacity was 0.08 1 mmol Ni/g dry pulp. TheCa2desorption
isotherm behavior paralleled theNi2adsorption isotherm. The extent of calcium ion
displacement increased rapidly with increasingNi2concentration and stayed constant at
0.03 mmol CaJg dry pulp, approximating the amount ofCa2initially loaded on the
calcium-exchanged pulp. Not only the adsorption ofNi2completely displaced total
amount of calcium initially loaded on the calcium-exchanged pulp, but the maximum
molar adsorption capacity of nickel was also three times higher than the maximum extent
of calcium release.
Also presented in Figure 2-12 are the calcium ion adsorption isotherm data and
nickel ion desorption isotherm data on Ni-exchanged BS pulp at 25 °C. Nickel exchange
and calcium exchange behaved similarly. At low solution concentration, the ion
exchange betweenNi2andCa2was on one-to-onemolar basis. The extent ofCa2
displacement increased with increasingNi2concentration until all calcium ions were
+2 displaced. Similarly, the extent of Nidisplacement increased as the Caconcentration
increased until there were no more nickel ions adsorbed on the pulp. However, the extent
+2 of Niadsorption on the calcium-exchanged pulp approached the extent of Ca
desorption as the temperature increased.
The effect of temperature on the Ni adsorption isotherm onto calcium-exchanged
brownstock pulp (12/97 sample) and the effect of temperature on the Ca desorption
isotherm are presented in Figure 2-13. At 75 °C, the molar extent of nickel ion
adsorption at saturation approximately equaled the extent of calcium ion release. The39
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Exchanged LP-Samoa Brownstock Pulp at Temperature of 75 °C42
molar extent of nickel ion adsorption at saturation approximately equaled the extent of
calcium ion release.
The temperature dependency of most equilibria in general is related to standard
enthalpy change (AK°) which accompanies the reaction and is explained by the Van't
Hoff relation, given by
In =
K2LSJ1[l i'\
K1 R T,
(2.4)
whereK1andK2are the equilibrium constants at temperatureT1and T2, respectively. Ion
exchange is not a chemical reaction, and occurs with only little evolution of heat [4].
Many studies reported the effect of temperature on ion exchange to be low [5, 6, 7].
However, for brownstock pulp, other processes, such as complex formation in the pulp or
the solution, ion-pair formation, and solvation may occur accompanying with ion
exchange. These non-specific-site processes are usually discouraged by an increase in
temperature, and the selectivity results from these association or aggregation processes
also decreases with increasing temperature [4]. This explains why the measured
adsorption capacities, especially those exceeded the pulp ion-exchange capacity,
decreased as the temperature decreased. In addition, at high solution metal ion
concentration, the metal ions are distributed into water-swollen cell walls of the pulp
fibers by Doiman equilibrium. Donnan equilibrium is also not specific to the adsorption
sites, and hence metal ions are bound more weakly than ion exchange.
Donnan equilibrium can also explain the discrepancy between the adsorption and
desorption of metal ions on wood pulp at high probe metal ion concentrations. When the
pulp was prepared by ion-exchange with Ca2, some H was still bound to the pulp (Table43
2-4). When this Ca-exchanged pulp was added to the solution containinga probe metal
ion, all boundCa2was first displaced by the probe ion and then H was later displaced,
according to its order of affinity. When all boundCa2and H were totally displaced and
the probe ion in solution was still in excess, a new equilibrium may have been established
(Donnan equilibrium) between the metal ions in the pore solution of pulp and in the
external solution that superimposed the ion exchange.
The extent of nickel ion adsorption approximated the extent of calcium ion release
as the pulp moved from the unbleached brownstock to the fully bleached P3. The Ni
adsorption and Ca desorption isothenns for calcium-exchanged, bleached EOP and P3
pulps (8/96 sample) at 25 °C are presented in Figures 2-14 and 2-15. As shown in Table
2-1, brownstock pulp contains both carboxylate and phenolic hydroxyl groups, and may
also contain entrained black liquor that was not removed by acid washing. The black
liquor also contains functional groups for metal ion complexation. Consequently, the
brownstock pulp is a very heterogeneous adsorbent for metal ion adsorption. However,
the fully bleached P3 pulp contains only residual carboxylate groups, no phenolic
hydroxyl groups, and no entrained black liquor. Consequently, true ion exchange
behavior for metal ion adsorption on wood pulp is only observed when the pulp
functional group constituents are reduced to carboxylate groups.
In summary, stoichiometric ion exchange behavior was only observed at low
concentration and high temperature (e.g. 75 °C) on bleached puips that possessed only
carboxylic acid groups and no other entrained residual components.
Deionized water washing of Ni-exchanged pulp did not remove nickel ions from
Ni-exchanged brownstock pulp or calcium ions from Ca-exchanged brownstock pulp.
Initially, the Ni-exchanged brownstock pulp (12/97 sample) contained 2095 mg Ni/kg dry
pulp (0.036 mmol Ni12/g dry pulp). Deionized water washing did not significantly
displace the adsorbed nickel, as the pulp still contained 1900 mg Ni/kg dry pulp (0.03 344
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mmol Ni2/g dry pulp). However, when the pulp was re-washed with 0.01 M CaCJ2, the
nickel content of the pulp was reduced to 120 mg Ni/kg dry pulp (0.002 mmol Ni2/g dry
pulp). The displacement of adsorbed calcium byNi2ions at 25 to 75 °C from Ca-
exchanged brownstock pulp (12/97 sample) and the displacement of adsorbed nickel
from Ni-exchanged brownstock pulp byCa2ions were at least 95%. These data further
suggested that the adsorption of metal ions on wood pulp was an ion-exchange process.
2.2.4Freundlich Adsorption Isotherm Parameters
The unbleached brownstock pulp is a heterogeneous adsorbent. As a result, ion
exchange on this pulp was not stoichiometric with regards to carboxylate sites.
Therefore, fundamental approaches based on pulp properties and underlying equilibrium
adsorption process were not applied for brownstock pulp. However, these analyses will
be reserved for homogeneous bleached pulp in Chapter 3. In this chapter, the empirical
Freundlich equilibrium model was used to fit the data. Results from Schnitzer and Khan
[9] explained why Freundlich adsorption model fitted the data on heterogeneous
materials well. At high solution metal ion concentration, after metal ions bind with one
type of the binding site, they will find other binding sites to bind with. In such a case, the
Freundlich equilibrium model works well because it has no maximum adsorption
capacity for a given site.
Adsorption isotherm data were fitted to the empirical Freundlich model
= K C1,)' (2.5)
where C,,j is the molar concentration of metal ion in solution at equilibrium (mmol/L), and
qi1is the molar adsorption capacity of the metal ion in the wood pulp at equilibrium
(mmol/g dry pulp). Estimates for the Freundlich adsorption constantKand the fitting47
constantnwere obtained from the least-squares intercept and slope, respectively,of/n qi,j
vs.in C,jdata.
Least-squares estimates of K andnfor each metal at each temperature on a given
pulp are reported in Table 2-6. The solid lines in all figures represent the best fit of the
Freundlich model to the adsorption isotherm data. The Freundlich model and best-fit
parameters for adsorption of a given metal ion on a given pulp at the specified temperature
can be used to estimate the loading of the metal ion on the pulp as a function of the metal
ion solution concentration in contact with the pulp.
The Freundlich adsorption constantKis an indicatorofthe affinityofthe metal ion
to the wood pulp. The FreundlichKvalues for all seven divalent metal ions on brownstock
pulp at 25 °C were fairly closely clustered between 0.025 and 0.040, suggesting that the
affinityofdivalent metal ions to wood pulp were all on the same orderofmagnitude.
Based on these K-values, the orderofaffinity for a specific metal ion on a specific pulp at
25 °C is:
Pb-BS > Ni-BS > Ca-BS > Cd-BS > Mn-BS > Ba-BS > Zn-BS>
Ni-EOP > Ni-P3 > Ba-P3 > Na-P3
Metals had a higher affinity for unbleached brownstock pulp than bleached EOP
and P3 pulps. The FreundlichKvalue decreased with increasing temperature from 25 to 75
°C. This behavior is consistent with adsorptionprocesses possessing negative heatsof
adsorption.
In Table 2-6, for every valueof/n Kandn,one standard deviation (± 1.0 s.d.) was
provided. At least 68%ofobservations falls within on standard deviation, assuming that
the data distributions (in the logarithmic form) were mound-shape and symmetric. The
values of one standard deviations for all system were about 10% of the mean values.Table 2-6. Summary of Freundlich Parameters and Metal Ion Adsorption Capacity
Metal Pulp Process Conditions Freundlich Parameters Adsorption Capacity at Cf=15.0
SpeciesMol. Wt. Type -COOHExchangedTemp. pH In K Est.q1,(mmol/g pulp)mol metalI mol -COOH
(g/mol) (mmol/g) Form (°C)Average +1- ls.d.Value+1- 1 s.d.Value+1- 1 s.d. Value-I s.d.+I s.d. Value-1 s.d.+I s.d.
Ba 137.3#2 BS 8/960.053 Ca (tap) 25 6.04 0.19-3.6860.0440.2700.0340.890.0520 0.00810.00960.9910.1540.183
Ba 137.3#2 BS 8/960.053 Ca (tap) 50 5.27 0.52-3.8170.0420.3290.033 0.930.0536 0.00780.00911.0200.1480.173
Ba 137.3#2 BS 8/960.053 Ca (tap) 75 5.47 0.36-3.9440.0670.2120.0540.660.0344 0.00760.00980.6550.1460.187
Cd 112.4#2 BS 8/960.053 Ca (tap) 25 6.01 0.63-3.5230.0410.3200.020 0.960.0702 0.01050.01241.3370.2000.235
Cd 112.4#1 BS 8/960.088 Ca (tap) 50 5.58 0.37-3.5390.0410.2200.021 0.920.0528 0.00780.00910.6000.0880.104
Cd 112.4#1 BS 8/960.088 Ca (tap) 75 5.80 0.40-3.7650.0540.1660.024 0.810.0363 0.00690.00850.4120.0780.097
Mn 54.9#2 BS 8/960.053 Ca (tap) 25 5.97 0.30-3.5420.091 0.4010.052 0.880.0858 0.01690.02101.6340.3210.400
Mn 54.9#2BS81960.053 Ca (tap) 50 4.55 0.36-4.1570.1020.3620.060 0.820.0417 0.00890.01130.7950.1690.215
Mn 54.9#2 BS 8/960.053 Ca (tap) 75 5.78 0.53-4.2840.1050.5060.069 0.880.0542 0.01210.01561.0330.2310.297
Ni 58.7#1 BS 12/970.108 Ca (tap) 25 5.44 0.32-3.3630.0600.2760.0360.830.0732 0.01460.01830.6810.1360.170
Ni 58.7#1 BS 12/970.108 Ca 25 4.71 0.22-3.5020.0540.3520.032 0.920.0783 0.01400.01700.7280.1300.158
Ni 58.7#1 BS 12/970.108 Ca 50 4.36 0.19-3.5190.0480.2260.029 0.860.0546 0.00830.00980.5080.0770.091
Ni 58.7#1 BS 12/970.108 Ca 75 4.28 0.21-3.9330.0490.3400.030 0.930.0492 0.00740.00870.4570.0690.081
Pb 207.2#1 BS 8/960.088 Ca (tap) 25 5.41 0.54-3.2260.0430.1740.013 0.940.0636 0.00830.00960.7230.0950.109
Zn 65.4#2 BS 8/960.053 Ca (tap) 25 5.79 0.33-3.7200.0450.1550.025 0.760.0368 0.00620.00740.7010.1180.142
Zn 65.4#1 BS 8/960.088 Ca (tap) 50 5.77 0.39-3.5850.0460.2260.028 0.880.0511 0.00830.00990.5810.0940.112
Zn 65.4#1 BS 8/960.088 Ca (tap) 75 5.75 0.47-3.6680.0370.2280.019 0.940.0474 0.00630.00730.5380.0720.083
Ca 40.1#1 BS 12/970.108 Ni 25 5.09 0.27-3.4660.0340.2770.019 0.950.0661 0.00790.00900.6150.0740.083
Ni 58.7 EOP 8/96 0.037 Ca 25 5.89 0.40-3.9060.0450.1220.025 0.710.0280 0.00390.00450.7560.1040.121
Ni 58.7 P3 8/96 0.044 Ca 25 5.77 0.26-3.9280.0270.1880.015 0.920.0327 0.00290.00320.7440.0670.073
Ba 137.3 P3 8/96 0.044 Ca 25 5.59 0.38-4.5350.0300.1790.019 0.950.0174 0,0015 0.0017 0.3960.0340.038
Na 23.0 P38/96 0.044 Ca 25 5.50 0.13-4.8140.1720.6390.126 0.810.0457 0.0155 0.0234 1.0400.3520.53149
2.2.5Correlation of Metal Ion Adsorption to Wood Pulp Constituents
As shown in Table 2-1, unbleached and bleached puips have different residual
functional group contents. In order to correlate metal ion adsorption capacity to wood
pulpfunctionalgroup constituents, the molar saturation adsorption capacity of a given
metal ion on a given pulp must first be estimated. The saturation molar adsorption
capacity for each divalent metal was estimated at a common final metal ion concentration
C1= 15 mmol/L using the Freundlich parameters K and n presented in Table 2-6.
Although the empirical Freundlich adsorption isotherm does not predict a saturation
adsorption capacity, the adsorption capacities of all seven divalent metals were
insensitive to increasing metal ion concentrations of 15 mmol/L and greater.
Table 2-6 also compares the saturation adsorption capacity for metal ions(Ba2,
Ca2, Cd2, Mn2, Ni2, Pb2, Zn2, Na)on different pulps (LP Samoa brownstock, EOP,
P3) at temperatures of 25 to 75 °C. The saturation adsorption capacity was also
normalized to the carboxylic acid group content of the pulp (mol metal/mol -COOH), as
shown in Figure 2-16. On this basis, the saturation adsorption behavior of all divalent
metal ions on wood pulp became similar. If a divalent metal ion adsorbs only on
carboxylate sites, then theoretically the saturation adsorption would be 0.5 mol metal/mol
-COOH. However, at 25 °C the adsorption capacity of divalent metal ions was between
0.5 and 1.0 mol metal/mol -COOH, with some metals (Cd and Mn) between 1.0 and 1.5
mol metal/mol -COOH. Therefore, the measured adsorption capacity exceeded the
theoretical adsorption capacity based on ion exchange with carboxylate on pulp. When
the temperature was increased to 75 °C, the measured adsorption capacity settled to the
theoretically predicted value of 0.5 mol metal/mol -COOH. Furthermore, the measured
adsorption capacity for metal ions on bleached pulps (EOP, P3) was closer to the
theoretically predicted value of 0.5 mol metal/mol -COOH. The standard deviations (±
1.0 s.d.) for the estimated values of q,j at Cjof 15 mrnol/L are also presented in Table 2-
6. First the standard error at ln Cjf was calculated by the least-squares method. The
standard deviation was not symmetric to the mean because the linear form of equation 2.5
is in logarithmic form.51
The next logical residual pulp constituent to be considered for metal ion binding is
the phenolic hydroxyl group. As described in Section 2.1.2, unbleached brownstock pulps
contain phenolic hydroxyl groups whereas bleached pulps contain only trace amounts of
phenolic hydroxyl groups. The phenolic hydroxylgroup, also with one equivalent of ion
exchange capacity per mole, is a much weaker ion exchange site than the carboxylic acid
group. Assuming that the pK value of phenolic hydroxyl group residues on unbleached
wood pulp is about 9, then at pH 5 and greater, over 99% of the phenolic hydroxylgroups
are protonated. Consequently, metal ions would have to displace the hydrogen ions in
order to adsorb onto phenolic hydroxyl sites, which will not be thermodynamically favored
unless a given metal ion binds stronger to this site than hydrogen ion. If carboxylate and
phenolic hydroxyl groups in the pulp servedas metal ion binding sites, then the total
molar concentration of sites available for metal ion adsorptionon the unbleached
brownstock pulp (12/97 sample) would be 3.9 times higher than the fully-bleached P3
pulp (8/96 sample). However, the measured saturation adsorption capacities of nickel
ions on calcium-exchanged brownstock (12/97 sample) was only 2.5 times higher thanon
the P3 pulp (8/96 sample), which parallels only the carboxylic acidgroup content change.
This result further suggests that the saturation metal ion adsorption capacity at pH 5-7 is
correlated only to the carboxylic acid group content of the pulp even when the pulp
possesses multiple adsorption sites. Therefore, the phenolic hydroxyl group content had
no effect on the adsorption capacity at neutral pH range of 5 to 7.
In summary, the metal ion adsorption on a heterogeneous brownstock pulp was too
complicated. Therefore, applying a theoretical analysis to these data was not appropriate.
In addition to the binding of metal ions onto fixed ionic groups on the pulp fibers by ion
exchange, the Donnan equilibrium is also likely at high metal ion concentrations.
Therefore, simplified models such as the empirical Freundich model are justified for the
brownstock pulp. On the other hand, the metal adsorption on bleached pulps is
stoichiometric ion exchange. Therefore, in the next chapter, theoretical equilibrium models
will be developed to describe the equilibrium metal ion adsorption data on bleached pulps.52
2.3Nomenclature
C1,0Initial metal ion concentration [mg or mmol metal ionlL]
C,,jFinal metal ion concentration [mg or mmol metal ion/U
K Freundlich adsorption constant
n Fitting constant for the Freundlich equation
ni Equivalent dry mass of the prepared pulp [g]
qr Total carboxylate binding site concentration [mmol-COO-Ig pulp]
Q Adsorption capacity of a given metal ion bound onto the wood pulp
[mg metal ion/g dry pulp]
q Adsorption capacity of a given metal ion bound onto the wood pulp
[mmol metal ion/g dry pulp]
S Single carboxylate site
V0 Initial solution volume [L]
J/j Final solution volume [L]
v Coordination number for the metal ion [mol metal ion/mo! COU]53
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CHAPTER 3
EQUILIBRIUM STUDY
This chapter focuses on an equilibrium analysis of the metal ion adsorption on
unbleached and bleached kraft puips. Barium (Ba), magnesium (Mg), manganese (Mn),
and sodium (Na) adsorption isothenns were measured on a calcium (Ca)-exchanged
bleached P3 pulp at 25 °C. Binary equilibrium ion exchange constants were estimated
from these data. The pH isotherm experiments were measured the competitive
adsorption between sodium and calcium on both bleached and unbleached pulps as a
function of pH.
Two equilibrium models developed and used to analyze data from these
experiments, including the multicomponent equilibrium model and the Donnan
equilibrium model. Both models were applied to the same sets of adsorption isotherm
data as well as the pH isotherm data. The multicomponent ion-exchange equilibrium
model was also extended to describe the simultaneous adsorption of H, Ba2' Ca2,Mg2,
+2 + Mn ,andNa.
3.1Material and Methods
3.1.1Pulp Samples
Pulp samples were obtained from the Louisiana-Pacific pulp mill in Samoa,
California (LP.-Samoa). Two pulp samples were obtained. The brownstock pulp sample
was sampled off the drum of brownstock washer #2 on April 24, 1998. The third-stage
peroxide bleached pulp (P3) sample was sampled off the third-stage drum on August 15,
1996. One additional bleached pulp sample (Perox) was obtained on June 25, 1998 from
the peroxide bleaching stage of Pope & Talbot pulp mill in Halsey, Oregon.3.1.2Pulp Properties
Selected physical and chemical properties of these pulp samples are presented in
Table 3-1. Standard analytical methods were used for estimation of pulp moisture content
(TAPPI T-264 om-88, 1988). The carboxylic acid group content of the pulp was assayed
by conductiometnc titration [1] and the phenolic hydroxyl group content of the pulp was
assayed by oxidation of guaiacyl groups [2, 3].
The residual lignin content was quantified as phenolic hydroxyl group content,
whereas the residual hemicellulose content was quantified as carboxylic acid group
content. Residual carboxylic acid and phenolic hydroxyl groups in pulp fibers are putative
binding sites for binding of metal ions. The carboxylic acid content of the pulp decreased
modestly as the bleaching sequence moved from the brownstock to the third peroxide stage
(P3), whereas the phenolic hydroxyl group content had decreased to nearly zero by stage
P3. Unbleached brownstock pulp contained carboxylic acid and phenolic hydroxyl groups
in approximately equal amounts, whereas the final P3 bleached pulp contained only
carboxylic acid groups.
Table 3-1. Selected Properties of the LP-Samoa Pulp s
Properties and Units P3 pulp
Avg. ±1.0 s.d. (n)
Perox pulp
Avg. ±1.0 s.d. (n)
#2 BS pulp
Avg. ±1.0 s.d. (n)
COOH content
(mmol /g dry pulp) 0.041±0.001 (2) 0.045±0.007 (2)0.055±0.000 (2)
PhOH content
(mrnol /g dry pulp)
0.0031 ± 0.0003(2)0.0022±0.0001 (2)0.0255± 0.0006(2)
Ca content after Ca-exchange
(mmol Ca /g dry pulp) 0.01 52± 0.0033 (3) 0.0306 ±0.0012 (2)
Na content after Na-exchange
0.024±0.001 (2) (mmol Na /g dry pulp)
(n) represents number of samples56
3.1.3Pulp Preparation
Acid washing with dilute hydrochloric acid to a final pH below 2.0 was used to
remove all metal ions initially bound to the pulp [4, 5]. Initially, the pulp was diluted to
3.0 wt% consistency and heated to 75 °C. Then 1.0 N HC1 was added to adjust the pH of
the suspension down to 1.6-1.9. The mixturewas continuously stirred for 30 minutes at
75 °C, and then the pulp was immediately vacuum filtered and rinsed with large quantity
of deionized/distilled (DI) water at 50 °C. Toprepare the pulp sample as a uniform
cation exchanger, the acid-washed pulp was exchanged with calcium ions. Specifically,
acid-washed pulp and 0.05 M calcium chloride solution (CaCl2) were mixed to 1.0 wt%
consistency at room temperature for 30 minutes. The pulp was then rinsed with DI water
until the washwater contained no detectable calcium ions. Thisprocess exchanged
hydrogen ions adsorbed on the acid-washed pulp with calcium ions to produce a calcium-
exchanged pulp.
Ca-exchanged pulps were used for all metal ion adsorption experiments. For the
calcium-ion adsorption kinetics experiments, the Na-exchanged pulpwas used. The Na-
exchanged pulp was prepared by the same procedure as the calcium-exchanged pulp,
except that 0.05 M sodium chloride (NaCl) was used instead of 0.05 M CaCl2.
The calcium and sodium concentrations in the pulp samples after ion exchange are
also presented in Table 3-1. For #2 BS pulp sample, calcium and sodium were profiled
from nitric-acid digested pulp sample by inductively coupled argon plasma (ICAP)
spectroscopy using a Jarrel-Ash model 9000 ICAP. For P3 pulp sample, calcium was first
removed from the pulp into solution by adding 0.1 N HC1 solution into 2.0 wt% pulp slurry
until the final pH was 1.6-1.9. The pulp slurry was mixed for 2 hr at 25 °C. After 2 hr
contact time, 10 mL of the filtrate was kept for Ca analysis by a Varian ICP Emission
Spectrometer (Liberty 150). Then Ca initially adsorbed to the Ca-exchanged pulp was
+2 . + . estimated by assuming that all Ca on the pulp was displaced by H.This assumption was
tested since increasing the amount of HCI in the solution did not increase the amount of
Ca2 released.57
Consequently, the amount of Ca initially adsorbed(qi3O)equals the amount of Ca2
released, given by
c1vc1,ovo
q1,0= (3.1-1)
m
whereC10andC1are the initial and final concentrations of calcium ion in the liquid
sample, m is the dry mass of the pulp, andV0and V are the volumes of the solution
before and after adding HC1 solution.
3.1.4Metal Ion Adsorption Isotherms
The adsorption isotherm specifies the amount of metal adsorbed onto the pulp at a
given temperature as a function of the concentration of the metal ion in the solution
contacting the pulp at equilibrium. Typical conditions for the adsorption isotherm
experiments are summarized in Table 3-2.
The experiments were carried out by contacting the pulp with an aqueous solution
of a given metal ion in a 250 mL screw cap Erlenmeyer flask. The metal ion solution
was prepared by dissolving its salt (BaCl2, MgCl2, NiC12, MnCl2, or NaCl) in DI water to
concentrations ranging from 5 to 1000 mgIL. To begin the adsorption experiment, the
Ca-exchanged wet pulp of known moisture content was weighed and added to the flask
containing the metal ion solution to obtain a pulp consistency of 2.0 wt% (dry pulp basis)
in 50 mL of total solution. The flasks were placed in a temperature-controlled orbital
shaker and mixed continuously at 160 rpm at 25 °C for 2 hr. A Vanan ICP Emission
Spectrometer (Liberty 150) was used to measure the metal ion concentrations in the
initial solution and the final filtrate. The pH of the final metal ion filtrate solution was
also measured. Each adsorption experiment was carried out in duplicate or triplicate. A
control experiment containing only the pulp and DI water was performed to determine if
any metal ion were released from the pulp to the DI water.The adsorption capacity of a given metal bound onto the wood pulp(q,,mmol
metal ionlg dry pulp) is calculated by
ci,oVociV
q= (3.1-2)
where C,,0and C, are the initial and final concentrations of a metal ion "i" in the liquid
sample, m is the dry mass of the pulp, andV0and V are the volumes of the solution at
the beginning and the end of the experiment.
Table 3-2. Typical Experimental Conditions for Adsorption Experiments
Conditions Adsorption Isotherm Adsorption Kinetics
Value and Units Value and Units
Vessel 250 mL Erlenmeyer flask
(screw cap)
Agitation 160 rpm, orbital shaker
Temperature 25 °C
Pulp Ca-exchanged P3 pulp
Wet weight 3.60 g
Dry weight 1.02 g
Consistency 2.0 wt%
Metal ion solution Ba, Mg, Mn, Na
Initial concentration07.4 mmol IL
Volume 5OmL
Adsorption time 2 hr
250 mL stirred tank
150 rpm, impeller
25°C
Na-exchanged P3 pulp
13.50g
4.08 g
2.Owt%
Ca
3.75 mmol /L
125 mL
0,1,2,3,5,10,15,30,60 mm59
3.1.5Metal Ion Adsorption Kinetics
Table 3-2 also presents the process conditions for the metal ion adsorption
kinetics experiments. The adsorption kinetics experiment for Ca2 on Na-exchanged P3
pulp was conducted to ensure that the system reached equilibrium within the 2 hr contact
time. Prior to the experiment, the acid-washed pulp was Na-exchanged using 0.05 M
NaOH solution. To begin the experiment, 4g of pulp (dry basis) was added to 125 mL of
DI water in a sealed vessel and mixed at 150 rpm for 60 mm. Then 75 mL of 0.01 M
CaC12 solution was added to the pulp slurry to obtain the initial concentration of 3.75
mmol Ca2IL. The slurry was continuously mixed at 150 rpm. Liquid samples (1.5 mL)
were periodically withdrawn for metal ion analysis. The pH of each sample was also
measured. The amounts of Ca2 adsorbed and Na2 displaced were calculated using
equation (3.1-1).
3.1.6Conductiometric Titration of Pulp
Conductiometric titration of pulp was performed to measure the dissociation
constant of acid groups on the pulp fibers. Schematic of apparatus is shown in Figure 3-
1. Process conditions for the conductiometric titration experiment are summarized in
Table 3-3. Initially, 4.5 g of pulp (dry basis) was added to 175 mL of DI water in a
sealed glass vessel and then mixed at 150 rpm for 60 mm. The vessel was maintained at
25 °C within a temperature controlled water bath, and the gas portion in the vessel was
saturated with N2 gas at all time. Next, 1.5 ml of 0.1 M HC1 solution was added to the
vessel and mixed for another 30 mm. A 0.31.0 mL increment of 0.05 M NaOH
solution was added in stepwise fashion to increase the pH from 2.5 to 11.0. The
suspension was continuously mixed for 30 mm, and the pH as well as the conductivity
were measured at the end of each step. The initial conductivity was about 350
micromhos. As NaOH solution was added, the conductivity decreased, remained
constant at a minimum around 120 micromhos, and then increased again as shown in
Figure 3-3a. Samples from 8-9 steps where the conductivity remained constant were61
equilibrium. The pH was measured at the end of each step with a pH electrode. The
procedure was repeated to obtain up to equilibrium pH steps ranging from 2.5 to 11.0. A
Varian ICP was used to measureCa2and Na concentrations in the aqueous phase. The
adsorption capacities ofCa2and Na bound onto the wood pulp were calculated from
equation (3.1-1).
Table 3-3. Conditions for Conductiometric Titration and pH Isotherm Experiments
Conditions Conductiometric TitrationPH Isotherm
Value and Units Value and Units
Vessel
Agitation
Temperature
Pulp
Wet weight
Dry weight
Consistency
Solution
Initial solution
Solution added
250 mL stirred tank
150 rpm, impeller
25°C
Acid-washed P3 pulp
15.0 g
4.5 g
2.5wt%
250 mL stirred tank
150 rpm, impeller
25°C
Acid-washed P3 or BS pulp
16.0 g
4.9 g
3.Owt%
175 mL of 0.0008 M HCI 160 mL of 0.002 M HCI
0.31.0 mL of 0.05 M NaOH 3.05.0 mL of 0.025 mol IL NaOH and
3.05.0 mL of 0.025 mol ILCaCl2
pH 2.5-11.0
Adsorption time per step15 mm
2.5-11.0
90 mm
3.1.8Multi-Component Metal Ion Adsorption Isotherms
The multi-component metal adsorption experiments were conducted on Ca-
exchanged Perox pulp at 25 °C. The procedures were similar to those of the adsorption
isotherm experiments. All metal ions were introduced into the pulp slurry at
concentrations reflecting those in a typical bleach plant wash stream. The initial
concentrations of metal ions in solution are provided in Table 3-4. The pH of a given62
experiment was adjusted using 0.1 N HC1 or 0.002 N- 0.025 N NaOH solutions until the
final pH value was at 3.0, 4.5, or 7.0.
Table 3-4. Initial Concentrations for Multicomponent Metal Ion Adsorption
Metal ion Metal Ion Concentration
(mmol I L)
Ba 0.1
Ca 5.0
Mg 2.5
Mn 0.5
Na 14.0
Total 22.1
3.2Ion Exchange Theory
3.2.1Binary Equilibrium Constants for Ion Exchange
The equilibrium ion exchange between two different cations, A and B, with
different charges, a and b, on a wood pulp functional group (S) as a cation exchanger can
be expressed as follows:
bA"+aB.Sb
KA/B
>bASa
+b (3.2-1)
The competition for the available binding site is represented by the equilibrium constant
KA [A.S1"[B1' (3.2-2)
[A+hIb[B.SbIaExperimental data do not normally yield the exact stoichiometry as described by
equation (3.2-1). Therefore, equation (3.2-1) is re-written to
A+a+nB.Sb K' AS+nB (3.2-3)
Now KA/B becomes
[A.S][B"r
KAIB= (3.2-4)
Sb]'1
Taking the logarithm of equation (3.2-4) yields
[A Sa] 10g[BSbI+logKA/B (3.2-5) log -J1
[A"] [B]
A plot of logSa]vs. log
[B. Sb]
is linear, where equilibrium constant KA/B and n are [A] {B']
estimated from the intercept and the slope, respectively.
3.2.2Intrinsic Dissociation Constants of Pulp Functional Group
The dissociation constant of a weak acid (HA) is related to the degree of ionization
by the Henderson-Hasselbalcb equation, given by
pK pH+log[(1-a)/a] (3.2-6a)
where a represents the degree of ionization of the acid as defined by
a [K]
(3.2-6b)
[HA]In the case of gel polyelectrolytes and wood pulps, Katchalsky [6] modified
equation (3.2-6a) using the Donnan equilibrium to yield the apparent dissociation
constant of wood pulp functional group5, Kapp, as
PKapp =pH + log[(1-a)/a] (3.2-7)
whereanow represents the degree of ionization of the functional group, as defined by
[COO-] [COO Na] a = = (3.2-8)
[COOH] [COON]
Herrington and Midmore[7]proposed that the intrinsic dissociation constants, pK10, of
various types of cellulose fibers can be determined from a plot of pKappvs.a,wherepK10
is obtained by extrapolatingpKapptoa = 0.However, this plot was not appropriate for
wood pulp since data were seldom obtained belowa = 0.3.Later, Herrington and Petzold
[8]extended this model to wood pulp suspensions by showing that a plot ofpKappV5.
anti-log a was a straight line with a value forpK0at anti-log( a) = 1. The Herrington
and Petzold equation is
PKapp =pK10m + m anti-log a (3.2-9)
where m represents the slope of pKappvs. anti-log(a).
3.3Equilibrium Model Development
3.3.1Multi-Component Ion Exchange Equilibrium Model
The multi-component ion exchange equilibrium model was developed under five
assumptions: (1) metal ions bind with wood pulp by an ion-exchange process; (2) only the
carboxylic group serves as the metal ion binding site;(3)the pulp slurry is well-mixed; (4)65
the temperature is constant; (5) there are no effects of ionic strength,aqueous electrolyte
speciation, or precipitation on metal ion partitioning. The batch equilibrium model has four
components, which include equilibrium mass-action expressions for metal ion partitioning
between wood pulp and solution, a total site balance, material balances for adsorbedCa2
and the probe ions, and a charge balance.
The ion-exchange reactions betweenM1',it, and Ca-bound carboxylic acid sites
on the pulp are
M18+n1Ca.S2<KM"">M.S5+nCa2 (3.3-1)
+HCaS2 <
K''> HS+nH Ca2 (3.3-2)
whereM,( i = 2, 3, 4,.., n) represents any metal other than Ca with superscript 8 = 1 for
monovalent metal ions, and 8 2 for divalent metal ions, and S represents the
carboxylate ion (- C00 ) binding site. Divalent Ca2, which is the common adsorbed
metal ion for each binary adsorption experiment, is defined as species 1 (i = 1). The
equilibrium mass-action expressions for these binary ion-exchange reactions are
KMI/
[AI1.S5][Ca2]
+o-I,-
[1k!1j[ua.S2}''
[H.S][Ca2]
H
= (3.3-3)
whereKM/CaK
H / Can., andHare determined from independent binary ion-
exchange experiments on wood pulp at 25 °C.The metal concentrations on the pulp and in the liquid are both expressedon a
common aqueous phase basis so that the mass-action expressions are dimensionless.
Consequently,
[M,.S5]q. [H.S}=q (3.3-4)
Rearranging, H, andM1adsorbed on the Ca-exchanged pulp are given by
/ 'n / "'H
Iq 1m
(H-1)
(q1(m
qH_KH/cH_J [J q=KM
)
(3.3-5)
The total adsorption site balance is given by
q=vq+q1v1+q1v (3.3-6)
whereq1.is the measured molar concentration of carboxylate (- C00) equivalents on
the pulp. The ion-exchange coefficients v1, andVHare
whereas
2 mol C00 v=
1molCa2
lmolCOO
V. =
lmolM
lmolCOO orv11
lmolH
2molCOO or v. =
+2 lmolM
for monovalent metal ions or divalent metal ions, respectively67
In the well-mixed batch adsorption process, the overall mass balance for each
metal ion (species "i") distributed between the aqueous and pulp solid phases is
C.0V0 C1V=(qq0)m (3.3-7a)
whereq10(mmol metal ion /g dry pulp) is the initial adsorption capacity of metal ion on
the pulp, V0is the volume of initial metal ion solution, and V is the volume of final
solution, given by
V=V0+V' (3.3-7b)
where V' is the amount of water retained in the starting pulp, calculated from the pulp
moisture content.
Hydrogen ions released by ion exchange with metal ions are neutralized by
hydroxyl ions in the solution. The charge balance in the aqueous phase is
/3HCH +fl1C1 +/3C1={C1]+[0H] (3.3-8a)
where/JH = 1.0for it,/11= 1.0 for M1, andfl2= 2.0 for M.2. The chloride anion
concentration [Ce] is calculated from sum of the amounts of HC1 and chloride salts of
metal ions added to the pulp slurry. The hydroxyl anion concentration [Off] is
calculated from
K=CH[0H] (3.3-8b)
where K = 108(mM)2at 25 °C [9].r4
LSL
Equations (3.3-53.3-8) represent a system of 2n+2 equations with 2n+2
unknowns(CH, C1, C,,. . .C, q, qi, q,,...q,,)for n metal ions. This system of nonlinear
equations is solved numerically using MathCad version 8.0 (MathSoft, Inc., Cambridge,
MA).
The input parameters for the multicomponent ion-exchange equilibrium model are
presented in Table 3-5a. Metal ions were introduced into adsorption experiments in two
forms: (1) initial metal ion adsorbed on the metal ion-exchanged pulps, and (2) probe
metal ions in solution. For metal ion adsorption isotherms, the starting pulp (P3) was in
Ca-exchanged form. However, not all the sites were occupied byCa2(Table 3-1).For
example, there was a total of 0.041 mmol COOH /g dry pulp(qT)on P3 pulp, but there
was initial calcium adsorbed (q10) of only 0.0152 mmolCa2/g dry pulp on Ca-
exchanged P3 pulp. The balance adjusted for the ion-exchange coefficient ofCa2 (v1)is
assumed to be the initial hydrogen ions adsorbed(qH0)'given by
qff,0 = q q10v1 (3.3-9)
For pH isotherms, the starting pulps (P3 or BS) were in H-exchanged form. The
initial amount of H adsorbed (q0) was assumed to be equal to the total amount of
COOH content of wood puips. For example, there were 0.041 mmol H /g dry pulp on
P3 pulp containing 0.04 1 mmol COOH /g dry pulp and 0.055 mmol H /g dry pulp on BS
pulp containing 0.055 mmol COOH /g dry pulp.
In metal ion adsorption isotherm experiments, no metal ion solution was added
rather than the probe metal ion solution with the volume ofV0.The final volume (J') was
then calculated by equation 3.3 -7b. In pH isotherm experiments, the initial
concentrations ofCa2and Na were practically held constant at Ci,0and C2,0,
respectively. Initially, the pulp contained water of volume V' was mixed with 0.002 M
HC1 of volumeV0.The amounts ofCa2and Na in solution were increased by addingCa2solution of volumeV1and Na solution ofV2,respectively. Therefore, the final
volume Vat each pH step is given by
V=V0+ V'+V +V (3.3-10)
Table 3-5a. Summary of Ion-Exchange Model Input Parameters
Parameter Adsorption IsothermpH Isotherm Units
Pulp solution loading
QT
V0
V,
V1
V2
V
Initial conditions
Cl,0
C2,0
QH,O
q1,0
q2,0
0.041 0.041 (P3), 0.055 (BS)mmol COOH /g dry pulp
1.02 3.26 g dry pulp
0.0475 0.145 L
0.0025 0.015 L
0 0.0030.035 L
0 0.0030.035 L
0.05 V0+V'+V1+V2 L
0.001 2.50 mmol H/L
0 25
+2 mmol Ca IL
0 7.4 25 mmol M2/L
0.01 06 0.041 (P3), 0.055 (BS)mmol H /g dry pulp
0.0152 0 mmol Ca2/g dry pulp
0 0 mmolM2/gdrypuIp
3.3.2Donnan Equilibrium Model
The distribution constant, A, relates the concentration of a free ion in the Donnan
phase (the water-swollen pulp fiber walls) to its concentration in the external solution
phase.For hydrogen ions, 2 is
2[H]D (3.3-ha)
For monovalent metal ions,2 is
For divalent metal ions, 2 is
2[M]D[I] (3.3-llb)
[MrJ [IIJD
j{Mi+2]D I[I2]s
(3.3-lie) 2 +2]
[M1=Ii2L
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where ft,M7,andM2have the usual meanings, and I, represents the anions. The
subscripts D and S denote the Donnan and external solution phases, respectively.
Towers and Scallan [5] derived 2 as a function of the total amount of cations per unit
mass of pulp(TM+, TM*,,mmol metal ion /g dry pulp), the hydrogen ion concentration
([it Is,mol IL), the binding site content (S1,mmol Ig dry pulp), the water content of fiber
walls at fiber saturation point (F, mL Ig dry pulp), andK10.This model is given by
(22 1)
T* 2(2 1)
T VIm+F(2-1) M V/m-i-F(22l)
Md
(3.3-12a)
+ (22 l)[H]v2(S1IF)K0
0
2[H]S +K10
where [H]= 10' (3.3-12b)71
The total amount of cations in the solution and fiber phases is determined by
c.v
TM*o= (
;;;
°
+ q,0) (3.3-12c)
where i denotes a monovalent metal ion if 6=1 and a divalent metal ion if 6=2.
The input parameters for equation (3.3-12a) are presented in Table 3-5b. The
water content in the pulp fiber phase(F)value was 1.4 mL /g dry pulp [5, 10]. The
solution of equation (3.3-12a) yields multiple values for 2. However, the true value of
X must be equal to or greater than 1 [5]. If all other parameters are known, then 2 was
solved numerically using the "Solver" function on Excel2000 (Microsoft Corporation,
WA). Once ?. is obtained, the ion concentrations in pore solution are calculated from
equation (3.3-11 a to 3.3-11 c). The amount of adsorbed metal ion,q., isthen calculated
by
q1 = [M!]DF (3.3-13)
Table 3-5b. Summary of Donnan Equilibrium Model Input Parameters
Parameter Symbol Value Units
Total liquid volume V 50
Water content of wall F 1.4
Mass of pulp m 1.02
Dissociation constant of acidK0
COOH group content S, 0.041 (P3), 0.055 (BS)
Hydrogen ion concentration [H4]si071050
Total monovalent metal ions TM. 0 0.06 (a), 0.65 (b)
Total divalent metal ions TM,2 00.36 (a), 0.38 (b)
mL
mL/gdrypulp
gdrypulp
mmol COOH /g dry pulp
molH/L
mmol /g dry pulp
mmol /g dry pulp
(a) values were from binary metal ion adsorption experiments, (b) from multi-component metal
ion adsorption experiments.72
3.4Results
3.4.1Metal Ion Adsorption Kinetics
The kinetics experiments were conducted to ensure that the equilibrium was
reached within the 2 hr contact time of the adsorption isotherm experiments and 90 mm
contact time of the pH isotherm experiments. Figure 3-2 presents the kinetics ofCa2
adsorption and Na desorption on sodium-exchanged P3 pulp at 25 °C. The average pH
was 5.9. The results show that the adsorption ofCa2and the desorption of Na were
accomplished by an ion exchange process. For every one mole ofCa2adsorbed, two
moles of Na were desorbed, consistent with the stoichiometry of an ion exchange
process. For example, at saturation, theCa2adsorption capacity was 0.024 + 0.001
(n = 8) mmolCa2/g dry pulp, whereas the Na desorption capacity was 0.043 ± 0.006
(n = 8) mmol Na /g dry pulp.
Ion exchange is normally a fast process [11]. In Figure 3-2, the ion exchange
process between Na andCa2was completed within 5 mm. Also, as the ion exchange
proceeded, the pH of the solution was decreased from 7.8 to 5.5. Therefore,Ca2in the
solution was exchanged with not only Na but also with the small amount of H on the
pulp.
3.4.2Conductiomefric Titration of Bleached Pulp
Figure 3-3a presents the final conductivity and pH of the bleached P3 pulp
suspension in dilute acid solution as incremental amounts of NaOH were added. The
conductivity initially decreased with increasing amount of base, and then leveled off. As
more base was added, the conductivity increased. At the points where the conductivity
was level, corresponding to the pH range of 4 to 7, the neutralization process between the73
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Figure 3-3b. Intrinsic Dissociation Constant of Bleached P3 Pulp at 25 °C75
acid and base in the solution was assumed to be complete. Figure 3-3b presents the
analysis of these data points to determine the pulp intrinsic dissociation constant,pK10,
using equation (3.2-7) coupled with equation (3.2-9). The equation (3.2-7) was used to
determine the apparent dissociation constant, PKapp. Then the plot betweenpKappvs. anti-
loga according to equation (3.2-9) yielded a straight line, and thepK10value was
obtained at anti-log a = 1. ThepK0of 3.77 ± 0.35 (ionic strength of 6.1 0 mol IL)
agreed with the previous work of Hemngton and Midmore [7], who found that thepK0
of bleached sulfate pulp was 3.7. Lame et al. [12] also reported thepK,0value of 3.7 when
they assumed that there was only one type of acid group on the pulp surface. For
unbleached kraft pulp, Lame et al.[12] reported two values ofpK10(3.4 and 5.5) in the pH
range of 2.5 7.5.
3.4.3Binary Ion-Exchange Equilibrium Constants
The ion-exchange equilibrium constantsKMI/ Caand stoichiometry constants n,
were estimated by fitting binary ion adsorption isotherm data to equation (3.2-5). The
representative plots are shown in Figures 3-4 and 3-5, and the fitted values are presented
in Table 3-6. Most ion-exchange equilibrium constants,KMjand n, presented in Table
3-6 were based on concentration measurements, not activity measurements. To adjust for
activity, the equilibrium ion exchange expressions based on activity are
+2
KM/Ca{M.S8}{Ca YMSo7Ca+2[M}V]
{M+8 }{Ca.S2
}n
CaS2[M8J[Ca
2
(3.4-1)
The activity coefficients of metals in the fiber phase,IMS5andYCaS,are assumed to
equal 1.0.76
Estimation of activity coefficients in solution phase requires the ionic strength, p.
The ionic strength was estimated using Lewis and Randall's approach [131.
p = (3.4-2)
where C, and Z, are the concentration (mol/ L) and the charge of ionic species i,
respectively. To estimate the activity coefficients in solution phase, the DeBye-Huckel
equation (p <0.005 M) and the extended DeBye-Huckel equation (p < 0.1 M) were
used. The DeBye-Huckel equation is given by
logy,=0.5.Z,2p112 (3.4-3)
whereas the extended DeBye-Huckel equation is given by
AZ2
112
logy,= (3.4-4)
1+ B ap112
where A andBare constants that relate to the solvent (for water at 25 °C,A= 0.509, and
B = 0.328 x 108), a is a constant that relates to the diameter of the hydrated ion and is
usually about 3 to 4 x 1 08 for monovalent ions [141. Since the activity coefficients were
not very sensitive to the values of a, the value of 3 x 108 was used for both monovalent
and divalent ions. Figure 3-5 and Table 3-6 demonstrate that the equilibrium constants
for Ba-Ca and Na-Ca, calculated based on concentrations and activities, show no
significant difference. Therefore, theKM,t Caand ii, calculated based on concentration
were used for all ion-exchange model predictions in the next section.
Table 3-6 also presents the theoretical stoichiometry constantsn,for each binary
ion adsorption isotherm. For metal-metal adsorptions, the experimentaln,values and
theoreticaln,values were comparable but not exact. Figure 3-6 shows that for metal-77
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Pulp K LogK ± 1.0 s.d.K Value Range of
KValue
n ± 1.0 s.d.Theoretical
n1
Data Range
(mmol/L)
R2 Number of
Observations (n)
p3 0.055±0.053 1.135 [1.005, 1.282]1.362±0.089 1.0 0.05 -6.76 0.98 7
p3 KBa/ca() 0.030±0.053 1.073 [0.948, 1.211]1.399 ±0.112 1.0 0.05-6.76 0.97 7
P3 -0.302±0.048 0.499 [0.447, 0.557]1.190±0.136 1.0 0.20-2.67 0.94 7
p KMn/ca -0.205±0.035 0.624 [0.575, 0.676]1.090±0.107 1.0 0.17-1.79 0.96 6
P3 -1.007±0.069 0.098 [0.084, 0.115]0.565±0.081 0.5 0.21 -2.05 0.96 4
p3 J<NIC()-1.060±0.079 0.087 [0.073, 0.104]0.602±0.087 0.5 0.21 -2.05 0.96 4
p3 (HINa 3.159±0.124 1443 [1085,1918]5.043±0.508 1.0 0.85-0.96 0.96 6
Perox 0.653±0.080 4.495 [3.738, 5.406]1.013±0.062 0.5 0.010.26 0.99 6
(a) activity-based calculation.hydrogen adsorptions (e.g. Ca-H, Na-H) the experimentaln,values were significantly
smaller than the theoreticaln,values. Therefore, the experimentaln,values, estimated by
fitting isotherm data to equation (3.2-5), were used as ion-exchange model input
parameters instead of the theoreticaln1values.
3.4.4Data and Predictions for Metal Ion Adsorption Isotherms
Figures 3-6a to 6c present the adsorption isotherms of divalent Ba42, Mg42, and
+2 o Mn onto a Ca-exchanged P3 pulp at 25 C, respectively. Also presented are the
amounts ofCa42still adsorbed on the pulp. As a given amount of divalent metal ion
adsorbed onto the pulp, an equal amount of the divalent Ca ions were displaced.
Consequently, the initial amount ofCa42bound to the pulp decreased from 0.0 15 to about
0.005 mmolCa42/g dry pulp as divalent probe metal ion adsorbed on the pulp. Figure 3-
7a presents the adsorption isotherm of monovalentNa4on Ca-exchanged P3 pulp at 25
°C. Figure 3-7b presentsCa42still adsorbed on the P3 pulp. As monovalentNa4
adsorbed onto the pulp, half the amount of divalentCa42was displaced. For example, at
saturation, the amount ofNa4adsorbed was 0.0076 ± 0.000 1 (n = 2) mmolNa4/g dry
pulp and the amount ofCa42displaced was 0.034 + 0.0004 (n =2) mmolCa42/g dry pulp.
Also presented in Figures 3-6a to 7b are representative pH profiles in solutions as
ion exchange occurred. Normally, the pH in solution decreased slightly as probe metal
ion concentration in solution increased. For example, asNa4concentration in solution
increased, the pH decreased from pH 6.1 to 5.4.Mn42may form complexes such as
Mn(OH)4orMn(OH)2with OH. However, in a typicalMn42adsorption isotherm
experiments (e.g. pH of 4.8 andMn42concentration of 3.27 mmol IL), the concentration
of bothMn(OH)4andMn(OH)2are negligible.['I',
u.u4u
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Figure 3-7b. Ca Adsorbed on Ca-exchanged Bleached P3 after Na AdsorptionFigures 3-6a to 7b also present the predicted amounts of metal ions adsorbed on
Ca-exchanged P3 pulp by ion-exchange and Donnan equilibrium models. In general, the
ion-exchange model predicted the amounts of all metal ions adsorbed better than the
Donnan equilibrium model. By assuming a constant pH for each binary component
+2 +2 adsorption, the Donnan model over-predicted the amount of divalent Ba,Mg,and
Mn2, and Na adsorbed and under-predicted the amount ofCa2still bound on the pulp.
Table 3-7 presents the Donnan distribution constants calculated from equation (3.3-12a).
Table 3-8 presents the total measured and predicted metal ion equivalents adsorbed on
the P3 pulp. The measured values were consistent at 0.030 meq /g dry pulp for all the
binary component adsorption. This capacity was lower than the total amount of
carboxylate sites of 0.041 meq /g dry pulp. Table 3-9 presents the T-test to compare the
means of the two model predictions for total metal ion equivalents adsorption. The
results showed that they were statistically different at 95% confidence level. On the
average, the ion-exchange model predicted the total metal ion equivalent adsorption of
0.033 meq /g dry pulp, close to the data, and the Donnan equilibrium model predicted the
amount of 0.041 meq /g dry pulp, close to the carboxylate site content. Also, the standard
deviation of the Donnan predictions was larger.
Table 3-7. Donnan Distribution Constants
Pulp Metal X Range TMcRange Final pH
(mmol /gdry pulp) Avg.±1.0 s.d.(n)
Ca-P3 Ba 1.63 6.77 0.033-0.359 5.60±0.59 (18)
Ca-P3 Mg 2.37 7.34 0.024-0.139 5.06±0.54 (16)
Ca-P3 Mn 2.807.35 0.0230.099 5.00±0.55 (16)
Ca-P3 Na 7.76 24.12 0.021-0.076 5.74±0.25 (14)Table 3-8. Total Metal Ion Equivalent Adsorption on Ca-exchanged P3 Pulp
Metals
Total adsorption (meq Jg dry pulp)
Data Ion-exchange modelDonnan model
Avg.±1.Os.d.(n) Avg.±1.0 s.d.(n) Avg.±1.Os.d.(n)
Final pH
Avg.±1.0 s.d.(n)
Ba-Ca0.030±0.002 (16)0.034±0.003 (7) 0.043±0.007 (7) 5.44±0.38 (14)
Mg-Ca0.030±0.002 (16)0033±0.002 (7) 0.036±0.004 (7) 4.90±0.32 (14)
Mn-Ca0.030±0.001 (16)0.033±0.001 (7) 0.033±0.004 (7) 4.82±0.28 (14)
Na-Ca0.031 ±0.001 (14)0.031 ±0.000 (6) 0.047±0.011 (6) 5.68 ±0.21 (12)
Average0.030±0.00 1 (62) 0.033±0.002 (27)0.041±0.009 (27)5.53±0.27 (54)
Table 3-9. T-Test for Predicted Total Metal Ion Equivalents Adsorption by Ion-
Exchange and Donnan Equilibrium Models.
Ion-Exchange vs. Donnan Equilibrium Model Predictions
Metals For Total Metal Ion Equivalent adsorption
P-Value of Mean Comparison Null Hypothesis
Ba-Ca 0.005 Reject
Mg-Ca 0.043 Reject
Mn-Ca 0.758 Do not reject
Na-Ca 0.002 Reject
3.4.5Data and Predictions for pH Isotherms
The pH isotherm specifies the amount of Na and Ca adsorbed with varying pH
from 2.5-11. Figures 3-8a and 8b compare the measured and predicted adsorption
+ +2 o capacities of Na and Ca on H-exchanged P3 and BS pulps at 25 C, respectively. The
X-error bars randomly shown on the data points represent ±1.0 s.d. of the adsorption
capacities from duplicate measurements, whereas Y-error bars represent ± 1.0 s.d. of the
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Figure 3-8b. Ca/Na Adsorption Isotherms vs. pH on Brownstock Pulp at 25°C.7A
Below pH 2, the pulp existed only in the H-exchanged form. As the pH increased
from 2.5 to 6, the amount of Na andCa2adsorbed increased rapidly. The trend was
similar for both puips. The adsorption behavior of the two puips differed at pH above 8.
For the P3 pulp, above pH 8, the carboxylate sites were occupied with 0.008 mmol Na/g
dry pulp and 0.020 mmolCa2Ig dry pulp, which remained constant over the pH range of
8 to 11. For the BS pulp, above pH 8, although the amount of Na adsorbed remained
constant at 0.018 mmol Na/g dry pulp, theCa2adsorption capacity increased from 0.03
to 0.05 mmolCa2/g pulp as the pH increased from 8 to 11.
The pH isotherm predictions were performed using both ion-exchange and
Donnan equilibrium models. The Donnan equilibrium model generally predicted the pH
isotherm better than the ion-exchange model. For the P3 pulp, from pH 2-7, the ion-
exchange model over-predicted the metal adsorption capacities. Both model predictions
were based on the assumption that there was only one type of the binding site on the
pulps, which was C00 with a capacity of 0.041 meq /g dry pulp for the P3 pulp or 0.055
meq /g dry pulp for the brownstock pulp. For the BS pulp, below pH 8.0, the trend was
similar to that for the P3 pulp. However, above pH 8, both models under-predicted the
measured amounts ofCa2and Na adsorbed on the brownstock pulp.
Figure 3 -9a compares the total measured and predicted metal ions adsorbed on a
carboxylate site equivalent basis on the P3 pulp, whereas Figure 3-9b compares those on
the BS pulp. For the P3 pulp, the prediction by both models generally agreed with the data
although the ion-exchange model over-predicted the data at pH below 6. In addition, the
Donnan model predicted the saturation adsorption capacity (0.05 meq /g dry pulp) better,
whereas the ion exchange model agreed with the metal ion equivalents of binding site
(0.041 meq /g dry pulp). For the BS pulp at pH 2.5 8, both models satisfactorily
predicted the total amount of metal equivalents adsorbed. Above pH 8, both models under-
predicted the total metal equivalents adsorbed. For example, the measured amount
increased to 0.11 meq /g dry pulp by pH 10.5, whereas the predicted amounts by the two
models were 0.055 meq /g dry pulp, limited by the amount of -000 as one of the model
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Figure 3-9b. Total Ca/Na Equivalent Adsorption on Brownstock Pulp at 25°C3.4.6Data and Predictions for Multi-Component Metal Ion Adsorption
The ion-exchange and Donnan equilibrium models were extended to predict
multicomponent metal ion adsorptions. Figures 3-lOa and lOb compare the measured
and predicted Ba2, Ca2, Mg2, Mn2, and Na adsorbed on the Ca-exchanged Perox pulp
at 25 °C on a regular scale and a logarithmic scale by the ion-exchange model whereas
Figures 3-ha and lib compare those by the Donnan equilibrium model. Three pH
values were presented: 3.1, 4.5 and 7.0. Since the Perox pulp had the same binding-site
properties as the P3 pulp (Table 3-1), the binary equilibrium constants andpK10measured
on the P3 pulp were assumed to be applicable for the Perox pulp. Figure 12 compares the
total measured and predicted amount of metal equivalent adsorbed at the three pH values.
Regardless of the final pH, the ion-exchange model predicted the amounts of
adsorbed Ba2, Ca2, Mg2, Mn2, and Na to be 0.000 1 mmol Ba2I g dry pulp, 0.0 125
mmolCa2/g dry pulp, 0.0017 mmolMg2/g dry pulp, 0.0006 mmolMn2/g dry pulp,
0.0 126 mmol Na/ g dry pulp, respectively. These numbers contribute to the total
amount of metal ion equivalents adsorbed for 0.042 meq /g dry pulp, which approximates
the total carboxylate sites of 0.045 meq /g dry pulp. At pH 3.1, the predicted values were
twice the amounts of metal ions actually adsorbed since at this pH most binding sites are
still protonated. At pH 4.5, the predicted values agreed with the data for most metals,
with an exception of Nat. Na is the most poorly bound metal, especially at pH below
neutral. As a result, the total predicted amount slightly exceeded the measured amount of
0.037 meq /g dry pulp. At pH 7.0, the model slightly under-predicted the amount of all
metal ions adsorbed, and hence under-predicted the total amount adsorbed of 0.053
meq /g dry pulp.
The Donnan model accounted for the pH level better than the ion-exchange
model. The predicted values increased as the pH increased and vice versa. However,
most predictions were higher than the data, especially those of Nat. Consequently, the
total equivalents adsorbed of all metal ions were higher than the data and the ion-
exchange model predictions (Figure 12).0.025
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3.5Discussion
3.5.1Binary Metal Ion Adsorption Isotherms
The binary adsorption isotherm experiments show that the metal ion adsorption
follows the stoichiometry of ion exchange. The results are similar to the findings of
Ohisson and Rydin [15] who found that metal ions bind to wood pulp by ion exchange, and
that the sum of the bound ion equivalents at saturation are constant and equal to the binding
site capacity. Based on the equilibrium constants given in Table 3-6, the order of affinity
for the binding of cations on the pulp is:
H>Ba2>Ca2>Mn2> Mg >Na4
which is similar to the order usually found for dilute solutions of commonly encountered
ions with weak acid cation exchangers including carboxylate [16]
H>>Cu2> Pb >Ni2>Co2>Fe3> Ca2 > Mg2 > Nat> K> Cs
This order is also similar to that reported by Ohis son and Rydin [15]
H4> Zn2 > Ca > Mg2 > Cs >> Na
This binding preference indicates that H is the most strongly bound cation whereas
Na4is the most weakly bound cation. The binding preference for the divalent metal ions is
on the same order of magnitude (Table 3-6). Therefore, divalent metals ions will
comparably compete with each other for the binding sites. The values for n, in Table 3-6
generally agree with the theoretical stoichiometry of 1.0 for divalent-divalent bindings, but
neither agree with 1.0 for Na-H binding nor 0.5 for Ca-H binding. This lack of fit may be
due to the presence of the two different acidic groups on wood pulps [12].Ohis son and Rydin [15] found that the equilibrium constants were concentration-
dependent. The concentration dependency was explained by the fact that the activity
coefficients are influenced by the amount of metal ions in the solution phase [17]. In this
work, however, the equilibrium constants calculated based on the concentrations were not
greatly different from those based on the activities. This was especially true for the
exchange between metal ions with the same valence state (e.g. Ba-Ca).
If K and Kaare defined as the concentration-based and the activity-based
equilibrium constants, respectively, then based on equation (3.4-1), for Ba-Ca system,
K=112Ka
2'Ba*2)
Since
YCa+2 YBa*2,then K Ka.The KBa/Cavalues calculated from both methods were
comparable within statistical limits of error even though the experiment was carried out
to a high concentration of 7.0 mmol Ba2/ L (Table 3-6). For Na-Ca,
1/2
Ka
1Ca*2)
Since >
YCa*2,then K> Ka. However, K
Na/Cavalues calculated from both methods
were not greatly different because the experiment was carried out at such a low
concentration range (0.2 2 mmol Na IL) thatYNa*was not materially greater than
YCa+23.5.2Adsorption Isotherms vs. pH Isotherms
In the adsorption isotherm experiments, there was no OH added to neutralize H
from the system. Because H is the most strongly bound cation, it competed with the
metal ions for the binding sites. Some of the sites were occupied with H even at high
metal ion concentrations in solution. Consequently, the saturation adsorption capacity of
metal ion equivalents was lower than the total site equivalents of the pulp. On the other
hand, in the pH isotherm experiment, OH was added to neutralize H, and there was no
H to compete with the metal ions for the binding sites. Therefore, the saturation
adsorption capacity was approximately equal to the total metal ion equivalents of the
sites.
The P3 pulp contained only COOH functional groups and a negligible amount of
PhOH. Above pH 5, all COOH groups were dissociated and served as metal ion binding
sites. Hence saturation adsorption was reached. The BS pulp contained both COOH and
PhOH functional groups, which theoretically were dissociated above pH 4 and 10,
respectively. Experimentally, adsorption increased in two steps, above pH 4 and then
again at 8. However, above pH 10, the adsorption of metal ions on an equivalents basis
were higher than the sum of the COOH and PhOH equivalents because extractive
residues may exist in the BS pulp and therefore may serve as additional binding sites for
metal ions. In addition, the precipitation ofCa2asCa(OH)2at highCa2concentrations
and high pH should not be ruled out even though a solubility calculation showed that
Ca2will not precipitate.95
3.5.3Considerations for Ion-Exchange Model Predictions
3.5.3.1 Binary Metal Ion Adsorption Predictions
The ion-exchange model generally predicted the binary component adsorption of
metal ions at neutral pH better than the Donnan equilibrium model. However, the ion-
exchange model required the values of the equilibrium constants K
'1and n,. In order
to obtain these parameters, at least two independent binary adsorption experiments were
conducted: one for metal-metal (e.g. Na-Ca) and the other for metal-hydrogen (e.g. Ca-
H). The model might have fitted the data better if the binary parameters were estimated
from the same experiment, as in the work of Ohlsson and Rydin [15], rather than from
two independent experiments. However, the use of independently measured parameters
has an advantage that model predictions are generated independently of process
conditions. Furthermore, when the Triangle Rule is applied to the binary equilibrium
constants from the independent measurements, the model can be extended to other pairs
of metal ion adsorption (e.g. Mg-Mn, Ba-Mg, Ba-Na, etc.).
3.5.3.2 pH isotherm Predictions
The pH at which the equilibrium constants were measured had an impact on the
model predictions, especially for pH isotherm data. This is because the equilibrium ion-
exchange model relied on the binary equilibrium constants for model predictions. The
KMj/was measured at pH 4.56.0, whereas the K
Ca/flwas measured at pH 1.8 6.0.
Below pH 4, only the strong acid groups were dissociated. Above pH 4, both strong and
weak acidic groups were dissociated. This results in a lack of a fixed theoretical
stoichiometry number for Ca-H(RH),which may contribute to the discrepancy between
the data and the predictions. Because n11 of the Ca-H system was not stoichiometric to
the binding sites, the model may not account very well for the adsorbed amount of
hydrogen ions as the pH deviated from the pH at which the constants were measured.However, the model nicely predicted the adsorption at the pH range that the constants
were measured.
3.5.3.3 Multi-Component Metal Ion Adsorption Predictions with Varying pH
The ion-exchange model was extended to predict the multicomponent adsorption
of metal ions. The equilibrium constantsKMu/and n, used in the model were measured
from binary-component adsorption isotherms around pH 5. At pH 4.5, the ion-exchange
model generally predicted the adsorbed amount of all metals quite well, with the
exception of Nat. For the Na predictions, this discrepancy increased as the pH
decreased because the adsorption affinity of Na on the pulp was much less than that of
H.
At pH 3.1, the model predicted higher adsorption capacities than the measured
values, meaning that there were more hydrogen ions adsorbed on the pulp than the model
could account for. The model also under-predicted the adsorbed amount of metal ions at
pH 7. The same explanation was proposed as to why the model over-predicted the
adsorbed amount at pH 3.1 and under-predicted it at pH 7. Because of the lack of a fixed
value for stoichiometry parameterflH,the model predicted the adsorption best at the same
pH range that the parameters were estimated, and make poorer predictions at other pH
ranges. Compared with the total equivalents adsorbed measured from the pH isotherm
experiments at the same pH of 3 (Figure 3-9a), the total equivalents adsorbed measured
from the multi-component metal ion adsorption experiments were higher. This is
because the process conditions for the two types of experiments were different.
Specifically, the initial Na concentration in solution was substantially higher in the
multi-component adsorption isotherm experiments than in the pH isotherm experiments.
At pH 7, the total adsorbed amount of metal ion equivalents was higher than the
total adsorbed amount from the binary adsorption experiments (Table 3-8) and the total
carboxylate sites (Table 3-1). This is similar to the finding from the pH isothermexperiments at pH 7, which shows that the total measured amount was greater than the
total carboxylate sites (Figure 3-9a). On the other hand, from the binary adsorption
experiments with average pH of 5, the total measured amount of metal ion adsorption at
saturation was smaller than the total carboxylate sites. Therefore, the equilibrium
constants associated with low adsorption capacity at pH 5 may not predict the adsorption
capacity at pH 7 well.
3.5.3.4 Multiple Binding-Site Adsorption Predictions
The ion exchange equilibrium model is based on the assumption that residual
carboxylate groups in wood pulp serve as the primary adsorption sites for metal ions.
The assumption works well for brownstock pulp at pH below 8, where PhOH groups are
still protonated, or for bleached pulps, which contain only carboxylate groups. This
suggests that a two-site ion exchange model is required for metal ion adsorption on
brownstock pulp. However, a two-site model will require binary equilibrium constants
for ion exchange of the metal ions andCa2on Ca-exchanged phenolic hydroxyl groups
as well as the equilibrium constant ofCa2and proton ion on H-exchanged phenolic
hydroxyl groups on brownstock wood pulp at the pH range of interest.
3.5.4Considerations for Donnan Equilibrium Model Predictions
3.5.4.1 Binary Metal Ion Adsorption Predictions
The Donnan equilibrium model, although not as good as the ion-exchange model
in predicting the binary adsorption isotherms, is simpler. Unlike the ion-exchange model,
which is based on the equilibrium of the free metal ion and bound metal ion interaction,
the Donnan model is based on the fundamental chemistry of the pulp fibers such as the
intrinsic dissociation of the pulp (K0) and the water content of the cell wall (P). Theother two parameters are the final pH, and the total metal ions loaded on the pulp, which
are easily obtained from the experiment.
For the binary metal ion adsorption, the Donnan model over-predicted the
adsorbed amounts of probe ions and under-predicted the adsorption of the bound ions.
Everything else being equal, 2 is directly a function of the total metal ions loaded onto
the pulp, in which the probe ions contribute to the larger fraction. For example, in Mg-
Ca adsorption, theMg2loading was 0.13 mmol /g dry pulp, ten times higher than the
Ca2loading of 0.015 mmol /g dry pulp. Consequently, 2 had bias toward the
distribution of the high concentration probe ions (e.g. Mg2) rather than the low
concentration bound ion (e.g. Ca2).
The Donnan model did not predict the monovalent-divalent metal ion adsorption
(e.g. Na-Ca) as well as divalent-divalent metal ion adsorption. The 2 relationship
derived by Towers and Scallan [5] assumed that divalent metal ions and monovalent
metal ions had the same order of affinity. Experimental results show that divalent metal
ions have higher affinity to the biding sites than monovalentNat.
Furthermore, in order to obtain a smooth predicted line, the average pH was used
as a model input parameter instead of an actual pH at each data point. This may
contribute small errors to the adsorption at low and high ends of the concentration range
where the pH was high and low, respectively.
3.5.4.2 pH isotherm Predictions
The Donnan equilibrium theory assumes an unspecific and generic distribution of
metal ions between the liquid in the fibers and in the bulk solution. The Donnan model
used in this thesis (equation 3.3-12a) also assumed a specific Donnan distribution of
hydrogen ions (with the use of the term (22 1){H4]) in combination with a non-
specific Donnan distribution of all other metal ions. When the concentration of hydrogenion in solution [H ]increased (lower pH), the term resulted in decreased amount of
hydrogen ion adsorbed and hence increased amount of metal ions adsorbed, and vice
versa. Therefore, the Donnan model predicted the pH isotherms better than the ion
exchange model.
Furthermore, at low ionic strength, the Donnan equilibrium increases the
hydrogen ion concentration in the pore solution phase relative to the bulk liquid phase
[1 8], resulting in low metal ion concentration in the pore solution phase. In the pH
isotherm experiments, the hydrogen ions both in liquid and fiber phases were neutralized.
Therefore, the Donnan model predicted higher amounts of metal adsorption than the ion
exchange model.
3.5.4.3 Multi-Component Metal Ion Adsorption Predictions wit/i Varying pH
As mentioned in section (3.5.3.1), at neutral pH the Donnan model did not predict
the adsorption of metal ions with different valences as well as the ion exchange model.
The impact of unequal charges of metal ions on the model predictions increased with
increasing amounts of the metal ions. However, the Donnan model predictions
responded with changing pH better than ion-exchange model predictions.
3.5.4.4 Multiple Binding-Site Adsorption Predictions
The Donnan equilibrium model uses K0and S1to account for the binding sites of
wood pulp. The K10value used was from an independent experiment. The K0was
obtained from the extrapolation of the data from a0.3 to a= 0. The extrapolation was
necessary, because at a degree of ionization below 0.3, it was less likely to get an
accurate adsorption capacity of metal ion on wood pulp [8]. Furthermore, the K0value
was estimated from a simple experiment using the conductiometric titration coupled with
the measurements of pH and Na adsorption capacities. The degree of ionization (a)100
was assumed to equal the extent of Na adsorbed. To estimateK0of acidic groups on
wood puips, most previous work involved more sophisticated experiments and data
analyses. Lame et al.[12] and Erkki & Stenius [19] conducted the potentiometric
titrations on unbleached wood puips. TheK0values were then obtained from the least
squares method using computer programs such as FITEQL to fit the data with the
theoretical values derived from the charge capacitance model. In the pH range 28, the
authors found two values ofpK10(3.4 and 5.5) for unbleached wood pulp. They proposed
that the stronger acid with thepK10of 3.4 may be uronic acid in hemicellulose and the
weaker acid with thepK10of 5.5 may be correlated to lignin on wood pulp.
The method described in this thesis was much simpler but yielded only one value
of K10. Therefore, it is suitable for bleached wood pulp with no ligrnn present. By using
thepK10of 3.77 as one input parameter, the Donnan model predicted that half of the sites
were occupied with metal ions and the other half were occupied with hydrogen ions at pH
around 3.8. This is true for the adsorption on P3 pulp. However, the Donnan equilibrium
model assuming only a single value ofpK10that was measured on the P3 pulp did not
predict the metal ion adsorption on brownstock pulp well, especially at pH above 8 where
the second site (PhOH) was dissociated. For brownstock pulp, more than one value of
K0for are required in order for the Donnan model to improve the model predictions.3.6Nomenclature
C,0Initial solution concentration of metal ion [mmol IL]
C1 Final solution concentration of metal ion Immo1 IL]
F Water content of cell walls [mL Ig dry pulp]
K10Intrinsic dissociation constant of acidic groups of wood pulp
KappApparent dissociation constant of acidic groups of wood pulp
K,Dissociation constant of water
KMI/ CaBinary equilibrium constant for ion-exchange model
A constant for ion-exchange model
m A slope of the linear line by equation (3.2-9)
ni Dry mass of pulp [g dry pulp]
M.Cation
I Anion
S1 Binding site content
TM*Total amount of monovalent metal ions
TM*7Total amount of divalent metal ions
q Total concentration of carboxylate (- COO-) on pulp
vi
VH
qi3O
q
V0
V
a
2
101
[meq site Ig dry pulp]
[mmol Ig dry pulp]
[mmol /g dry pulp]
[meq / g dry pulp]
Ion-exchange coefficient between C00 and the metal ion
Ion-exchange coefficient between C00 and hydrogen ion
Initial adsorption capacity of metal ion on pulp
Adsorption capacity of metal ion on pulp
Initial volume of solution
Final volume of solution
Degree of ionization of acid group on wood pulp
Donnan distribution constant
Number of equivalents per metal ion
[mmol/ g dry pulp]
{mmol/ g dry pulp]
[L]
[L]102
Valence of metal ion
D In Donnan phase
s In external solution phase
o At Initial
i Of species i
Of calcium ion
H Of hydrogen ion103
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CHAPTER 4
ADSORPTION KINETICS
The adsorption kinetics ofBa2andNi2were measured on bleached and
unbleached puips. The effect of mixing speed, initial metal ion concentration, and
temperature on the adsorption kinetics were determined. The metal ion adsorption
kinetics were described by an intraparticle diffusion model.
4.1Material and Methods
4.1.1Pulp Samples
Pulp samples were obtained from the Louisiana-Pacific pulp mill in Samoa,
California (LP-Samoa). On December 1, 1997, unbleached brownstock pulp was
sampled off the drum of brownstock (BS) washer #1. Third-stage peroxide bleached pulp
(P3) samples were also sampled off the drum of the P3 washer on the same date.
Standard analytical methods were used for estimation of pulp moisture content (TAPPI
T-264 om-88, 1988), and fiber length distribution with fines separation (TAPPI T-233
cm-82, 1982). Fiber width was measured microscopically in a 0.1 wt% consistency pulp
suspension. Carboxylic acid group content of the pulp was assayed by conductiometric
titration [1] and phenolic hydroxyl group content of the pulp was assayed by oxidation of
guaiacyl groups [2, 3]. Residual carboxylic acid and phenolic hydroxyl groups in pulp
fibers are putative binding sites for binding of metal ions. Unbleached #1 brownstock
pulp contained carboxylic acid and phenolic hydroxyl groups in approximately equal
amounts, whereas the final bleached P3 pulp contained only carboxylic acid groups.
Selected physical and chemical properties of these LP-Samoa pulp samples are presented106
in Table 4-1. Selected physical and chemical properties of these LP-Samoa pulp samples
are presented in Table 4-1.
Table 4-1. Selected Properties of LP-Samoa Puips
Property (a) P3 pulp #1 BS pulp Units
Width 40.92±15.91 (60)42.74±13.97 (60)
Length NA 910 tm
COOH content 0.041±0.001 (2) 0.100±0.001 (2) mmcl! g dry pulp
PhOH content 0.0031±0.0003 (2)0.093±0.001 (2) mmol/ g dry pulp
Ca content after Ca-exchange 0.015 0.032 mmol/ g dry pulp
(a) ± 1 s.d. (sample number)
4.1.2Pulp Preparation
Acid washing with dilute hydrochloric acid to a final pH below 2.0 was used to
remove all metal ions initially bound to the pulp [4, 5]. Initially, the pulp was diluted to
3.0 wt% consistency and heated to 75 °C. Then 1.0 N HC1 was added to adjust the pH to
1.6-1.9. The mixture was continuously stirred for 30 minutes at 75 °C, and then the pulp
was immediately vacuum filtered and rinsed with large quantity of 50°C-
deionized/distilled (DI) water. To prepare a given pulp sample as a uniform cation
exchanger at neutral pH, the acid-washed pulp was exchanged with calcium ions.
Specifically, acid-washed pulp and 0.01 M calcium chloride solution (CaCl2) were mixed
to 1.0 wt% consistency at room temperature for 30 minutes. The pulp was then rinsed
with DI water until the washwater contained no detectable calcium ions. This process
exchanged hydrogen ions adsorbed on the acid-washed pulp with calcium ions to produce
a calcium-exchanged pulp. The calcium concentrations in the pulp samples are reported
in Table 4-1.107
4.1.3Metal Ion Adsorption Isotherms
The adsorption isotherm specifies the amount of metal adsorbed onto the pulp at a
given temperature as a function of the concentration of the metal ion in the solution
contacting the pulp at conditions of equilibrium. All metal ion adsorption isothenns were
performed on calcium-exchanged pulp in order to provide a common adsorbent for ion
exchange.
Process conditions for measurement of the metal ion adsorption on wood pulp are
summarized in Table 4-2. All metal ion adsorption experiments were carried out by mixing
a suspension of calcium-exchanged pulp with an aqueous solution of one given metal ion.
Typically, 50 mL of the pulp suspension was contained within a sealed, 250 mL screw cap
Erlenmeyer flask. Each metal ion solution was prepared by dissolving its salt(BaCl2,
NiCl2)into DI water. Metal concentrations ranged from 10 to 1500 mg of free metal per
liter of solution. No pH adjustments were made. To begin the adsorption experiment, 50
mL of the metal ion solution of known initial concentration was added to a given flask.
Prepared Ca-exchanged wet pulp of known moisture content was weighed and then added
to the flask to provide a pulp consistency of 1-2 wt%. Before the pulp was added to the
flask, 0.5 mL samples of the solution were kept for metal ion analysis. The screw-cap flask
was sealed tightly to minimize the possibility of evaporation during the adsorption
experiment. The flasks were placed within a temperature-controlled orbital shaker set to a
given temperature (25, 50, or 75 °C) and mixed continuously at 160 rpm. After the desired
contact time, another 0.5 mL sample of the solution was pipetted from the flask. The pH
values of metal ion solution at the end of the adsorption experiment were measured with a
pH electrode. The metal ion concentration in solution was determined by capillary
electrophoresis using a Dionex Capillary Electrophoresis System I.108
Table 4-2. Typical Experimental Conditions for Adsorption Isotherm Experiments
Conditions Ni adsorption Ba adsorption
Value and Units Value and Units
Pulp BS pulp P3 pulp
Wet weight 1.5 g 3.60 g
Dry weight 0.50 g 1.02 g
Consistency 1.0 wt% 2.0 wt%
Metal ion solution
Initial concentration 0.3-18.0 mmol/L 0.27.4 mmol/L
Volume 50 Ml 50 mL
Vessel 250 mL Erlenmeyer flask250 mL Erlenmeyer flask
(screw cap) (screw cap)
Agitation 160 rpm, orbital shaker 160 rpm, orbital shaker
Temperature 25, 50, 75 °C 25 °C
Adsorption time 24 hr 2 hr
The adsorption capacity of a given metal ion bound onto the wood pulp(qijmmol
metal / g dry pulp) was determined by the material balance equation
C,oVoC1,1 V1
(4.1)
where C,0is the initial metal ion concentration in the flask (mmol metal ionlL),Cjjisthe
final metal ion concentration in the flask (mmol metal ion/L), ni is the equivalent dry mass
of acid-washed pulp in the flask (g),V0is the initial solution volume (L), andis the final
solution volume (L). A control experiment containing no pulp was performed in parallel
for a given series of adsorption experiments to accounted for any potential evaporative
losses of the solution needed for accurate estimation of Ct,f. Another control experiment109
containing no metal ions was performed to determine whether metal ions were released
from the pulp to water. Adsorption experiments at a given initial metal ion concentration
were carried out in triplicate.
4.1.4Metal Ion Adsorption Kinetics
Process conditions for measurement of the metal ion adsorption kinetics on wood
pulp are summarized in Table 4-3. TheNi2adsorption kinetics experiments were
performed on BS pulp at 25 and 75 °C. The procedures were similar to the adsorption
isotherm experiments. At a given initial concentration ofNi2in solution, three replicate
flasks were constantly shaken at 160 rpm in an orbital shaker. A 0.5 mL liquid sample
was withdrawn before the pulp was added. Liquid samples of at least 0.5 mL were
withdrawn at 1 mm, 2 mm, 3 mm, 5 mm, 10 mm, 30 mm, 1 hr, and 3 hr. For experiments
at 75 °C, metal ion solutions were heated to 75 °C within the temperature controlled
orbital shaker before adding the pulp.
TheBa2adsorption kinetics experiments were performed on P3 pulp. To
facilitate the kinetics experiment, a 250 mL stirred tank was used. In the shake flask
experiments, continuous mixing was not achieved because the flask was removed from
the shaker to withdraw samples. In the stirred experiment, the sample withdrawal as well
as pH measurement were done under continuous mixing. Initially, 13.2 g wet pulp of
known moisture content was added into the 250 mL vessel (6.5 cm in diameter)
containing 125 ml DI water. A 3-blade marine impeller (4.5 cm in diameter) stirred the
pulp sluny for 60 mm at 150 rpm (or 250 rpm) mixing speed. After 60 mm, 75 ml of
1000 mgILBa2solution was added to the vessel to provide an initial concentration of
375 mgIL. Liquid samples of at least 1.5 ml were withdrawn from the vessel at 10 see, 1
mm, 2 mm, 3 mm, 5 mm, 10 mm, 30 mm, 1 hr, and 3 hr. A Varian ICP Emission
Spectrometer (Liberty 150) was used to measure metal ion concentrations of the initial
solution and the final filtrate. The adsorption capacities were calculated as a function of
time using equation (4.1).110
Table 4-3. Typical Experimental Conditions for the Adsorption Kinetics Experiments
Conditions Ni adsorption Ba adsorption
Value and Units Value and Units
Pulp BS pulp P3 pulp
Wetweight 1.80g 13.20g
Dry weight 0.61 g 4.09 g
Consistency 1.0 wt% 2.0 wt%
Metal ion solution
Initial concentration 0.17 10.22 mmol I L 2.452.60 mmol / L
Volume 6OmL 200mL
Vessel 250 mL Erlenmeyer flask 250 mL stirred tank
Agitation 160, 220 rpm, orbital shaker150, 250 rpm, propeller
Temperature 25, 75 °C 25 °C
Adsorption time 0.2, 1, 2, 3, 5, 10, 30, 400 mm1, 2, 3, 5, 10, 15, 30, 105 mm
4.2Kinetic Models
For a well-mixed metal ion-exchange process, many studies have established that
the rate-detennining step of the process is the diffusion of counter ions rather than the
chemical reactions at the fixed ionic groups. Furthermore, the possible rate-limiting step
is concluded to be either the intraparticle diffusion or the film diffusion if not both [6].
Intraparticle diffusion is the diffusion of counter ions within the ion exchanger. Film
diffusion is the diffusion of counter ions through the liquid boundary layer surrounding
the particle. In the bulk liquid, the metal ion concentration differences are constantly
leveled out by agitation.111
Because the electroneutrality must be preserved throughout the system, the charge
transfer by probe ion(Ni2orBa2)is balanced by the equivalent charge transfer by the
bound ion (Ca2). The anions (e.g. Ci) do not participate in the cation ion exchange.
Furthermore, ion exchange is a stoichiometric process. The stoichiometry of ion
exchange requires that the fluxes of the two exchanging counter ions be equal although
the two ions may have different mobilities. The net transfer of electric charge due to the
unequal mobilities produces the electric force which slows down the faster ion and
accelerates the slower ion so that the fluxes become equal. Consequently, for modeling
the steady-state rate of adsorption we need not consider the rate ofCa2desorption.
Based upon the above description of metal ion exchange processes, two models
were developed to predict the metal ion adsorption kinetics on wood pulp: the
intraparticle diffusion model and the convective mass transfer model.
4.2.1Intraparticle Diffusion
4.2.1.1 Model Development
The intraparticle diffusion model considers the unsteady state diffusion of metal
ions from the bulk solution (source) to the pore solution within the pulp fibers (sink). A
time-dependent concentration profile develops as the metal ions penetrate into the liquid
filled pores within the pulp fibers. At long times, the unsteady state diffusion process
reaches the equilibrium.
The development of the intraparticle diffusion model for the metal ion (solute
"1") adsorption kinetics assumes that
1.The pulp fibers are uniformly cylindrical in shape.
2. The metal ions in solution are dilute.112
3.The concentration of the metal ion in the solution initially equals C1,0, and the pulp is
initially free of metal ion.
4.The solution is well-mixed so that the concentration of the metal ion in the solution is
always uniform within the pulp suspension.
5. The film diffusion rate is much faster than the intraparticle diffusion rate, so that the
concentration of metal ion in the bulk solution is equal to the metal ion concentration
at the particle surface.
6.There is a limited volume of solution, hence the concentration of the metal ion in the
solution falls as the solute diffuses and adsorbs into the pulp fibers.
7.The concentration of free metal ion,Cr,i,inside a cylindrical particle is a function of
the radial position from the center of the cylinder and the contact time, that is
Cr,i= Cr,i (r, t) (4.2-1)
8.The concentration of adsorbed metal ion,q1,inside a cylindrical particle is also a
function of the radial position and the contact time, that is
q = (r,t) (4.2-2)
9. The rate of adsorption is instantaneous relative to the rate of the diffusion, so that the
concentrations of the free metal ion,Cri,and the adsorbed metal ion, q1, anywhere
inside the particle remain in equilibrium with partition factorK1.
q, (r, t) = K1 Cr,i (r, t) (4.2-3)
We consider that the mass transfer process consists of two systems. The first
system represents the bulk solution. The second system represents the molecular
diffusion of the metal ions within the liquid pores within the cylindrical pulp fibers and
the adsorption of metal ions within the fibers.113
For the first step, the material balance of the metal ion in the bulk solution is
Metal ion accumulation =Rate of metal ion diffusion
in the bulk solution into the particle at r = a
Vt-=
flp(22Z1l)Jri
at
(4.2-4)
where n is the total number of pulp fibers in the pulp suspension, / is the fiber length
and,friis the molar diffusion flux of the metal ion, given by
fri= D1
r,1 (4.2-5)
Figure 4-la. The Transfer of Metal Ion from the Bulk Liquid to the Particles114
For diffusion inside porous media, the diffusion coefficientD1in equation (4.2-5)
is replaced by the effective diffusion coefficient,Dei
Jr,i= Dei
ô C1
(4.2-6)
Substituting j,into equation(4.2-4), weobtain
ac (ac = AD
r,I
I (4.2-7)
ar )r=u
where A is the total external surface area of all pulp fibers
A =n,,(2zral) (4.2-8)
I
Figure 4-lb. Photograph of Pulp Fibers
\115
In the second system, the material balance of metal ion within a differential
volume element inside cylindrical particle is
Metal ion accumulation =Rate of diffusion- Rate of difihision
inside the cylindrical shell into the shell at rout of the shell at r +Ar
e2rlArCri(r,t) +2ffrlArq1(r,t) = 2rljri2rl (4.2-9)
pore solution Ladsorbedon pulp fibers
Figure 4-2. The Transfer of Metal Ion Inside the Particle
where qis the concentration of adsorbed metal ion (mmol metal ion adsorbed/cm3pore
solution) and e, is the pulp porosity, given by
= l- (4.2-10)
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where p is the bulk density of pulp (including pores) and piSthe solid density of pulp
(excluding pores). Dividing equation(4.2-9)by shell volume and taking the limit as
Ar
aqi, 1rIri
(4.2-11)
atat rar
SubstitutingJr,1into equation(4.2-11),the diffusion equation is
oCr1Oqi,
Dei
1a ( OCr1
S + ---i r
I (4.2-12)
at Ot rOrOr )
The equations(4.2-6)and(4.2-12)subject to the initial conditions
Ci(t)= C1,0 (t=0) (4.2-13)
Cri(r,0)=0 (t0,0<r<a) (4.2-14)
q1,1(r,0)=0 (t0,0 <r< a) (4.2-15)
and the boundary conditions
ocr,,=0 (r0,t>0) (4.2-16)
Or
Cri(a,t) = C1(t) (r = a, t>0) (4.2-17)117
To facilitate mathematical solution, Wilson [7] defined the total amounts of free
metal ion,Yr.i(r, t), and adsorbed metal ion,Zr,i(r, t), as
Yr,i (r,t)np27rlfrCri(r,t)dr (4.2-18)
Zn(r,t)np2rl$rqri(r,t)dr (4.2-19)
Furthermore, equation (4.2-3) can be rewritten as
Zr,1 = K1 Yr,l (4.2-20)
and the corresponding equation (4.2-12) can be rewritten as
a y,.1 Deiô (i a Yr,i rI - I (4.2-21)
at K1+sôrr ôr )
Differentiating and rearranging equation (4.2-18) yields the concentration of the free
metal ion at the surface of the cylinder
1[aYri
(4.2-22) Cr1 (a,t)
n 2,ralar p Jr=a
The amount of metal ion in both systems always remains constant and is given by the
overall material balance
VC10= VCri(a,t) + epyrg(a,t) +Zrt (a,t) (4.2-23)118
Substituting equations (4.2-20), and (4.2-22) into equation (4.2-23) yields
V
+(K1 +Ep)Yri = (r = a) (4.2-24) n2al or
Define a new independent variablefi(r, t), so thatYr,t (r, t) is now
VC10 n1cr2l
Yr,i (r,t)= +f1(r,t) (4.2-25a)
(K1+e)nza21+V
where Vj,, is the total volume of pulp fibers, given by
V= (4.2-25b)
jj(r, t) satisfies the differential equation
Dei
r-----1-" (4.2-26)
K1+68r1r Or)
is subject to the boundary condition
(ra) (4.2-27)
AOr
and the initial condition
VC10,zr2
+f1(r,0)=0 (0<r<a)(4.2-28)
(K1+)V +V119
The solution of the differential equation (4.2-26, 27, 28) provided by Wilson [7] is
M1
1 4a(1+a)
exp(/3q2t) (4.2-29) M n=j4+4a+a2q2
whereM1,is the total amount of metal ion inside the cylindrical pulp fibers at time t,
M1is the total amount of metal ion inside the pulp cylinders at infinite time, a and
/1 are defined as
V V Pp a = = = (4.2-30)
V,,(K1+ e,,) m 'Pp(K1 + s) C,, (K1+ e)
Dei
= (4.2-3 1)
where C is the pulp consistency (g dry pulp/cm3solution). The termsqnsare the
positive, non-zero roots of
aqJ0(q)+2J1(q)= 0 (4.2-32)
The roots of equation (4.2-32), listed by Crank [8], are provided in Table 4-9.
4.2.1.2Estimation of M1
A metal ion material balance on the whole pulp suspension is
M1=EC(a,t)V +q(a,t)V=(K14-Er) Yr,i (a,t)(4.2-33)120
where Candqare the average free and adsorbed metal ion concentration inside the
pulp fibers, respectively, and are given by
C(r,t) = 1JrCri(r,t)dr (4.2-33a)
q(r,t) =JJrqri(r,t)dr (4.2-33b)
Based on equation (4.2-25a) above, at equilibrium,
vvpc10
Yr,i(a,co) (4.2-34)
(K1+e)V +V
Therefore,M1,the total amount of the metal ion in the pulp at equilibrium, is
(K1 +s)V.VC10 VC10
(4.2-35) M1=(K1 +e)Yr,i(a,
(K1 +e )V + V 1+ a
Finally,M1,is related to the adsorption capacity of metal ion at any time(qi,t,mmol
metal ionlg dry pulp) by
M11M10
q1,= (4.2-36)
where M1,0, the total amount of metal ion inside the fibers at time zero, is assumed to be
zero.121
4.2.1.3Estimation of Ki
The value of the linear partition factorK1is estimated from the metal ion
adsorption isotherm. We force a linear relationship between the molar adsorption
capacity of metal ion on wood pulp at equilibrium(qie,mmol metal ion /g dry pulp) and
the molar concentration of metal ion in solution at equilibrium(Ci,e,mmol metal ion IL),
q1,= Ki'Cie (4.2-3 7)
Therefore, the linear parameterK is obtained from the adsorption isotherm by
(4.2-38)
Ci,e
Equation (4.2-38) requires that the values ofq1at a givenCi,eare known. The best
estimates are obtained from the Freundlich adsorption model.
q1, = K'Cie' (4.2-39)
Estimates for the Freundlich adsorption constantK' and the fitting constantfliwere
obtained from the least-squares intercept and slope respectively ofin q1vs. in Ci,edata.
Once K andfliare known,qat any given Ci,e is calculated, andK1'is then obtained
from equation (4.2-38). In practice, K1' is the average value of the slopes of two straight
lines on the isotherm curve: one line connecting points (0, 0) and (Ci,0, q10)and the other
line connecting point (0, 0) and(C1,qij).Note that C1,0and C11 are the initial and final
solution concentrations of the metal ion from the kinetics experiment, whereasq10and122
ql,fare their corresponding adsorption capacities. Finally, the linear partition factor,K1
mmol ionadsorbed/cm3 pulp
mmol metalion/cm3poresolution
) is related to the linear adsorption isotherm
mmol metal ion adsorbed / g thy pulp
constant, K (
mmol metal ion / L solution
) as
K1 = pK1' (4.2-40)
4.2.1.4 Estimationof De,i
Wood pulp fiber is recognized as a porous material. Some of the pores exist in
the wood and some are generated in the pulping and bleaching process [9]. The porosity
and pore distribution of wood pulp fibers has been studied [9, 10]. For diffusion of metal
ion through porous pulp fibers, the apparent or effective diffusion coefficient of the metal
ion is required. The effective diffusion coefficient of a solute within the pore solution is
normally smaller than that in the external solution, depending on the relative sizes of the
diffusing solute, the solvent, and the pore. Because the pores are not straight and the
solid fraction is not permeable, the diffusion takes place over a longer distance and a
smaller cross-sectional area than in a homogeneous material of equivalent outer
dimensions. Consider a case where the molecular diameter of solute is less than the pore
diameter but comparable to it, and the solute is assumed to be a rigid sphere in the solvent
continuum that fills the pore. In this case, the effective diffusion coefficient that factors
in the combined effects of the steric hindrance at the entrance to the pores and the
frictional resistance within the pores by
D D° eF(2)F2(2) (4.2-41)
e,1 1-2
where subscript "2" denotes the solvent molecule (water).123
2 is the reduced pore diameter, given by
d010 2= (4.2-41a)
dpore
wheredsoiuteis a diameter of the hydrated solute, andlporeis the median diameter of pulp
fibers. The term F (2) is the steric partition coefficient, given by
F(2) = (12)2 (4.2-41b)
andF2(2) is the Renkin equation [11], given by
F2(2) =1_2.10422+2.0923_O.9525 (4.2-41c)
In electrolyte solution, the anions and cations travel together to maintain charge
neutrality. Therefore,
d010is assumed to be the diameter of hydrated electrolyte
molecules (e.g. BaC12 or NiC12) rather than individual ions. The radius of each hydrated
ion (Ba2, Ni2, C1) is determined from the relationship [12]
+n (4.2-42)
N
where is the radius of the hydrated anion or cation,R,is the true ionic radius
provided by Shannon [13],nis the hydration number,VH,Ois the molar volume of water,
andN is Avogrado's number. The radius of a hydrated electrolyte molecule(Rsoiute)is
assumed to be the sum of the hydrated radii of anions and cations composing the molecule
(e.g. one hydrated Ba2 and two hydrated Ci for BaC12).124
The molecular diffusion coefficient(D°12)is a direct function of temperature (I)
and an inverse function of solvent viscosity (i). To scale-up the molecular diffusion
coefficient at temperatureT1to that at temperature T2, the relationship is given by
D°1-2(I)= (4.2-43)
The water viscosity (ii) decreases as temperature increases. For example, idecreases
from 1.0 centipoises at25°C to0.4centipoises at75 °C [14].
4.2.2Convective Mass Transfer
For a well-mixed closed system consisting of liquid and fiber phases, the material
balance on the adsorbing metal ion (species "1") is
Ci,o -Ci)V = qi mAe, (4.2-44)
Initially, the rate of metal ion adsorption is assumed to be limited by the convective mass
transfer of metal ions from the bulk liquid phase to the fiber surface.
In the liquid phase, the material balance on species 1 within a well-mixed closed
vessel is
-N1A
d(C1V)
(4.2-45)
dt
whereN1is the convective mass transfer flux, given by
N1 =kL(ClC1,) 4.2-46)125
If V is constant, substituting equation(4.2-46)into equation(4.2-45)yields
=!L(C1._C1) (4.2-47)
dt V
The Freundlich adsorption isotherm is
qi= KC1'
1/n
or C1, = (4.2-48)
K1
Substitution of equations(4.2-44)and(4.2-48)into equation(4.2-47)results in
1/n
= c)
]
c1] (4.2-49)
dt V
kLA with kLa =
V
The initial condition ist = 0, C1= C1,0.The mass transfer coefficient,kLa,can be
estimated by fittingC1vs.tdata to the integrated form of equation(4.2-49).
At low metal ion concentration in solution, a linear relationship represents the
equilibrium between the metal ion in the fiber and in the solution phases
C1, = (4.2-50)
K126
Substitution of equations(4.2-44)and(4.2-50)into equation(4.2-47)results in
=kLa[(CIo_Cl)K _Ci] (4.251)
The analytical solution is [15J
C, 1 CKI' 1+CK'
C10 1 + CK; 1+cK;
exp(
P
1
k at) (4.2-52)
K'P1
Finally, the adsorption capacity at any time is obtained from
q1,=(c10c,, + q10 (4.2-53)
m127
4.3 Results and Discussion
4.3.1Adsorption Kinetics Experiments
The adsorption kinetics ofBa2andNi2on calcium-exchanged puips were
measured at various initial metal ion concentrations(C,0), temperatures, and mixing
speeds.
4.3.1.1 EffrctofInitial Metal Ion Concentration
Figure 4-3a shows the adsorption kinetics ofNi12on Ca-exchanged pulp at initial
concentrations ofNi2in the solution ranging from 10 to 60 mgNi2IL (0.17 to 1.0 mmol
Ni2IL). Figure 4-3b shows similar data at initial concentrations ranging from 100 to 600
mgNi2IL (1.7 to 10 mmolNi2IL). Below C,0of 60 mgNi2IL (Figure 4-3a),Ca2and
Ni2were exchanging on a one-to-one equivalence basis. The equilibrium amounts of
Ni2adsorbed andCa2released increased from 0.012 to 0.030 mmol metal ions lg dry
pulp as C,,0increased from 10 to 60 mgNi2IL. Above C,0of 60 mgNi2IL (Figure 4-
3b), the equilibrium amount ofNi2adsorbed exceeded that ofCa2released. For
example, at C,,0of 100 mgNf2IL, the equilibrium amount ofNIF2adsorbed was 0.04
mmol Ni2Ig dry pulp, whereas the amount ofCa2released was 0.025 mmol Ca2Ig dry
pulp. This discrepancy became more distinct as theNi2initial concentration increased.
WhileNi2continued to adsorb on the pulp, theCa2released was limited by the amount
initially loaded on the calcium-exchanged pulp (Table 4-1). For example, at C1,0of 600
mg Ni2IL, the equilibrium amount ofNi2adsorbed was 0.07 mmol Ni2Ig dry pulp,
whereas the equilibrium amount ofCa2released was 0.035 mmolCa2Ig dry pulp. The
balance between the amount ofNi2adsorbed and that ofCa2released might have been
the amount of H that released from the pulp to the solution and caused the pH to drop
from 6 to 4.5.128
4.3.1.2 EffectofTemperature
Figure 4-4a presents the adsorption kinetics ofNi2on calcium-exchanged BS
pulp at temperatures ranging from 25 to 75 °C at an initial concentration (C,,0) of 60 mg
Ni2IL. Also presented in Figure 4-4a are theCa2desorption kinetics from the pulp.
Figure 4-4b presents the results from similar experiments but at C,,0of 600 mgNi2IL.
TheNi2adsorption at 25 and 75 °C reached equilibrium within 5 mm, regardless of the
concentration levels. At C,,0of 600 mgNi2IL, theNi2equilibrium adsorption capacity
decreased with increasing temperature. For example, the equilibrium adsorption capacity
decreased from 0.06 to 0.05 mmolNi2Ig dry pulp as temperature increased from 25 to
75 °C. This behavior is consistent with adsorption processes possessing negative heats of
adsorption. However, the effect of temperature on adsorption was minimal at low metal
ion concentration (C,0of 60 mgNi2IL). For instance, the equilibrium adsorption
capacities were 0.030 and 0.027 mmolNi2Ig dry pulp at 25 and 75 °C, respectively.
Temperature also had no effect on the desorption of Ca2. For example, in all
experiments,Ca2equilibrium desorption capacities were about 0.03 mmolNi2Ig dry
pulp, approximating the amount ofCa2originally loaded on the Ca-exchanged BS pulp
(Table 4-1).0.04
0.
0.
0)
0.02
E
0
E
.g. 0.01
0.00
C1,06OmgNi!L
5N4
/ C,,0=lOmgNi/L
0-- Ni
Ca
U I I I I I
0 5 10 15 20 25 30
Adsorption time (mm)
Figure 4-3 a. Adsorption Kinetics ofNi2on Ca-exchanged P3 Pulp at 25 °C
and C1,0of 10 - 60 mgNi2/L
0.09
0.08
0.
0.07
0.06
0.05
0.04
E
60.03
E
0.02
&
0.01
0.00
C.0=600 mg Ni IL
C1,0=lOOmgNi/L
9--Ni
- -. - Ca
0 10 20 30 40 50 60
Adsorption time (mm)
129
Figure 4-3b. Adsorption Kinetics ofNf'2on Ca-exchanged P3 Pulp at 25°C and C,0
of 100 - 600 mgNi'2IL130
0.04
0.
°- 0.03
0
C
0
0.02
a,
E
0
E
E 0.01
0.00 U
0
C,0=60mgN1IL
25°C
75°C
-dr--Ni, 25°C
A Ca,25°C
-0--Ni, 75°C
Ca,75°C
5 10 15 20 25 30
Adsorption time (mm)
Figure 4-4a. Adsorption Kinetics of Ni2 on Ca-exchanged BS Pulp at
Temperatures Ranging from 25 to 75°C and C,0of 60 mgNIF2IL
[I;]
-0.07
a.
0. 0.06
.) 0.05
C
0
0.04
0.03
0
E
E 0.02
0.01
0.00
C,.0=60Ii__!4
I:IIIIIII*
tNi, 75°C
---Ca,75°C
. I . I I I I I
0 5 10 15 20 25 30
Adsorption time (mm)
Figure 4-4b. Adsorption Kinetics of Ni2 on Ca-exchanged BS Pulp at
Temperatures Ranging from 25 to 75 °C and C1,0of 600 mg Ni2 IL131
4.3.1.3Effect of Mixing speed
Figure 4-5 presents the adsorption kinetics for barium ion (Ba2) on Ca-
exchanged bleached P3 pulp measured in a stirred tank at two mixing speeds (150 and
250 rpm) and temperature of 25 °C. The effect of mixing speed on adsorption kinetics
was insignificant. At both mixing speeds, theBa2adsorption reached equilibrium within
smm. The equilibrium amounts ofBa2adsorbed at both mixing speeds were 0.018
mmolBa2/g dry pulp. Also presented in Figure 4-5 is the calcium desorption kinetics
from the Ca-exchanged pulp. The equilibrium amounts ofCa2released at both speeds
were 0.015 mmolCa2/g dry pulp, equivalent to the amount ofCa2initially loaded onto
the calcium-exchanged P3 pulp (Table 4-1). The equilibrium amount ofBa2adsorbed
on Ca-exchanged pulp and the equilibrium amount ofCa2released was not exactly 1:1
because the pulp was not completely exchanged withCa2and contained residual
adsorbed H. AsBa2adsorbed, there was some H desorbed from the pulp besidesCa2,
and caused the pH to drop from 6.8 to 5.3.
Figure 4-6 presents the adsorption kinetics for nickel ions (Ni2) on calcium-
exchanged bleached P3 pulp at 160 and 220 rpm mixing speeds obtained from shake
flask experiments at 25 °C. Also presented in Figure 4-6 is the calcium desorption
kinetics from the Ca-exchanged pulp. TheNi2adsorption kinetics behaved similarly to
Ba2kinetics, in that the effect of mixing speeds on the adsorption kinetics was
insignificant. Also, at both mixing speeds, theNi2adsorption reached equilibrium
within 5 mm. Because the experiments were performed at lowNi2concentration (50 mg
Ca2IL, 1.25 mmol Ca2/g dry pulp), the equilibrium amount ofNi2adsorbed and the
equilibrium amount ofCa2released was 1:1, consistent with a stoichiometric ion
exchange adsorption process. At equilibrium, both adsorption and desorption capacities
were 0.015 mmol metal ion Ig dry pulp.132
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If the adsorption process is affected by the convective mass transfer, then
increasing the level of agitation will increase the rate of adsorption. T-test was used to
statistically determine if there was a significant difference between metal ion adsorption
kinetics measurements at two mixing speeds of interest (160 and 220 rpm for Ni2, 150
and 250 rpm for Ba2). Table 4-4 summarizes the results of T-testing using Statgraphics
software. In T-testing, the Null Hypothesis is rejected when the means of the adsorption
capacities from the two sets of experiments at a give time are significantly different.
From the Table 4-4, it was concluded with 95% confidence thatNi2adsorption kinetics
at 160 and 220 rpm mixing speeds were not statistically different. The same conclusion
was obtained forBa2adsorption kinetics at 150 and 250 rpm mixing speeds as well.
Therefore, the rate of the adsorption for both Ba2andNI12is controlled by intraparticle
diffusion, at least within the range of mixing speeds of interest or higher. However, at
lower mixing speeds outside the range tested, the adsorption may not be controlled by
intraparticle diffusion. Based on the results, intraparticle diffusion model was selected to
describe the adsorption kinetics.
Table 4-4. T-Test between Ni ion Adsorption Kinetics at 160 and 220 rpm
Time N2Adsorption (mmolNi2Jg dry pulp) P-valueNull Hypothesis
'mm 160 rpm 220 rpm
[Lower 95%, Upper 95%] [Lower 95%, Upper 95%]
1 [0.0060,0.0120]
2 [0.0098, 0.0139]
3 [0.0105, 0.0138]
5 [0.0114,0.0166]
15 [0.0138, 0.0182]
[0.0076, 0.0151] 0.241 Do not reject
[0.0097, 0.0150] 0.707 Do not reject
[0.0140,0.0187] 0.004 Reject
[0.01 32, 0.0184] 0.227 Do not reject
[0.0146, 0.0187] 0.583 Do not reject135
4.3.2Adsorption Isotherms
The adsorption isotherms forBa2andNi2were needed to support the adsorption
kinetic study. TheBa2adsorption isotherm was measured on calcium-exchanged P3
pulp at 25 °C. TheNi2adsorption isotherms were measured on Ca-exchanged BS pulp
at 25, 50, and 75 °C. From these data, the linear and the Fruendlich adsorption isotherm
parameters necessary for estimation ofK1(equations 4.2-38 - 4.2-40) were determined.
4.3.2.1 Metallon Adsorption and Desorption Isotherms
Figure 4-7 shows the adsorption isotherm ofBa2onto Ca-exchanged P3 pulp as
well as the desorption isotherm ofCa2from the pulp at 25 °C. As in the adsorption
kinetics experiments, asBa2adsorbed onto the pulp, an approximately equal amount of
Ca2was released. Below 1.0 mmolBa2IL, the extent of ion-exchange increased
rapidly. Above 1.0 mmolBa2IL, the extent of ion exchange increased with a decreasing
rate. Furthermore, both the equilibrium amount ofBa2adsorbed and that ofCa2
desorbed were about 0.0 15 mmol Ig dry pulp. Although the total site as COOH
equivalents of the pulp was 0.04 1 meq Ig dry pulp, the total adsorbed amount of metal
equivalents was only 0.03 meq Ig dry pulp. The results agree with theBa2adsorption
kinetics on P3 pulp (Figure 4-5) in that the total adsorbed metal ion equivalents at
equilibrium was lower than the total site as COOH equivalents.136
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Figure 4-8 shows the adsorption isotherm ofNi2onto Ca-exchanged BS pulp as
well as the desorption isotherm ofCa2from the pulp at 25 °C. Initially, the extent of
ion-exchange increased rapidly. Above 1.5 mmolNi2IL, the extent of ion-exchange
increased with a diminishing rate. Below 3.0 mmolNi2IL, the Ni-Ca molar exchange
was about 1:1, consistent with a stoichiometric ion exchange adsorption process. Above
3.0 mmolNi2IL, the equilibrium amount ofNi2adsorbed was 0.06 mmolNi2/g dry
pulp, exceeding the equilibrium amount ofCa2desorbed of 0.03 mmolCa2Ig dry pulp.
This agrees with the results fromNi2adsorption kinetics on BS pulp (Figure 4-3b) that
at highNi2solution concentration the adsorption ofNi2exceeded the desorption ofCa2
and the total amount of metal ion equivalents adsorbed was higher than the total site
amount on the pulp, expressed as COOH equivalents.
Figure 4-9 presents theNi2adsorption isotherms on Ca-exchanged BS pulp as
athe temperatures ranging from 25 to 75 °C. As in the kinetic study (Figures 4-4a, 4-4b),
theNi2adsorption capacities decreased with increasing temperature. For example, the
Ni2equilibrium adsorption capacities decreased from 0.09 to 0.05 mmolNi2/g dry pulp
as the temperature increased from 25 to 75 °C. The results also agreed with theNi2
adsorption kinetic experiments. At low concentration, the effect of temperature onNi2
adsorption isotherm was minimal. However, the effect became more significant as the
Ni2concentration in solution was increased.138
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4.3.2.2 Linear and Freundlich Adsorption Isotherm Parameters
As mentioned in Section 4.2.1, the linear adsorption isotherm parameter K1'is
needed for the intraparticle diffusion model. In order to obtain estimates ofK,', the
empirical Freundlich model was used. The solid lines in Figures 4-7 and 4-8 as well as all
lines in Figure 4-9 represent the best fit of the Freundlich model to the adsorption isotherm
data. Least-squares estimates of the Freundlich K and n, forBa2andNi2on a given pulp
and at 25, 50, and 75 °C are reported in Table 4-5. From theNi2adsorption data, the
Freundlich K value decreased with increasing temperature from 25 to 75 °C, suggesting
that the adsorption process is exothermic.
Table 4-5. Summary of Freundlich Adsorption Isotherm Parameters
Metal Pulp Temp Range of C,eK' n InK," ±I S.D. n, ± I S.D. R2
(°C) (mmol/L)
BaP3 25 0.1- 6.7 0.011 0.1794.535±0.030 (7) 0.179±0.020 (7)0.95
NiBS 25 0.2 - 17.50.0300.352-3.502 ± 0.054 (12)0.352 ± 0.032 (12)0.92
NiBS50 0.216.1 0.0300.226-3.519 ± 0.048 (12)0.226 ± 0.029 (12)0.86
NiBS 75 0.3 - 16.1 0.0200.340-3.933 ± 0.049 (12)0.340 ± 0.030 (12)0.93
The values of the linear adsorption parameterK1' and the partition factor K. for
Ba2andNi2adsorption isotherms are summarized in Table 4-6. The initial and final
solution concentrations of the metal ions are based on the kinetics measurements.
The K. and K' represents average values over the provided concentration range. Since
K. and K,' are dependent upon the metal ion concentration, they are strictly valid only
within concentration ranges given.141
Table 4-6. The Linear Adsorption Isotherm Parameters and the Partition Factors
MetalPulpTempMixing SpeedRange of Cj,e
K1' K.
(mmol IL)
(°C) (rpm) InitialFinal (n=2) (n=2)
Ba P3 25 150 2.63 2.52(4.88±0.13)x103 5.17±0.14
Ba P3 25 250 2.45 2.25(5.28±0.27)x103 5.59±0.29
Ni BS 25 160
Ni BS 25 160
Ni BS 25 160
Ni BS 25 160
Ni BS 25 160
0.17 0.04(3.01±2.18)x101318.78± 231.41
0.57 0.35(6.56±1.84) xl0269.57±19.54
0.96 0.67(3.98±0.86)x10242.17±9.07
1.60 1.20(2.49±0.41)x10226.39±4.39
10.7010.02(4.56±0.18)x104 4.83±0.19
mmolmetal ion adsorbed / g dry pulp In Table 4-6, K' has units of ,whereas K. has
mmol metal ion IL solution
mmol ion adsorbed /cm3pulp units of
mmol metal ion /cm3pore solution
4.3.3Intraparticle Diffusion Model
4.3.3.1 Model Input Parameters
Estimates of the radii of hydrated species are summarized in Table 4-7 and the
effective diffusion coefficients are in Table 4-8. Table 4-9 presents the roots of equation
4.2-32 [8]. In addition, all input parameters for the particle diffusion model are
summarized in Table 4-10.Table 4-7. Estimates of the Radii of Hydrated Species
Parameters Species Units
Ionic radius,R
Hydration number, n
Radius of hydrated ion,
Radius of hydrated solute molecule,Roiuie
Diameter of hydrated solute molecule,dsoite
Ni2 Ba2 cr
8.30 x1091.49 x10 1.67 x108 cm
4 4 1
3.08 x10 3.17 x1082.28 x108 cm
NaCl2 BaCl2
7.63 x1087.72 x108 cm
1.53x1071.54x107 cm
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The hydration numbers for metal ions of interest are not known exactly [11]. For
example, the hydration number of Cl can vary from zero to four based on various
methods of calculation [12]. A value of n = 1 forcrwas calculated based on the activity
coefficient method [12]. For other metal ions, one molecule of divalent metal ion was
assumed to hydrate with four molecules of water by a Lewis Acid! Base reaction. The
molar volume of water,VH,O,is 18cm3/mole. The Avogrado's number is 6.02X1023
atom /mole.
The median diameterdporewas from kraft pulp with 45% yield and was obtained
when one half of pore volume was contained in larger pores and one half in the smaller
pores [10]. The median diameter of pores,dpore,is 50A[10]. The pore sizes of kraft
pulps ranges from 5 to 1000A,and the cumulative pore volume (inaccessible water)
ranges from 0.4 to 1.4cm3/mg as percent yields of pulp decrease [10]. The solid density
of pulp, excluding pores, (pLI is).54 g dry pulp/cm3pulp, whereas the bulk density,
including pores, (p ) is 1.06 g dry pulp1cm3pulp [9]. The pulp porosity (s,) calculated
from equation (4.2-10) is 0.31cm3void/cm3pulp.143
Table 4-8. Estimates of Diffusion Coefficients in Infinite Dilute Solution at 25 °C
Parameters Species Units
Ni2 Ba2 C1
Ionic diffusion coefficient,D°1 6.79x1068.46x1062.03x105 cm2/sec
NICI2 BaCl2
Electrolyte diffusion coefficient,D°12 1.22 xl 0 1.38 xl 0 cm2/sec
Diameter of hydrated solute,dsoiuie 15.3 15.4 A
Reduced solute radius, . 0.306 0.308
Effective diffusion coefficient,De,i 2.34x1072.61x107 cm2/sec
Table 4-9. Roots ofaq (q)+2J1 (q) = 0
a q1 q2 q3 q4 q5 q6
2.4048 5.5201 8.6537 11.7915 14.9309 18.0711
9.0000 2.4922 5.5599 8.6793 11.8103 14.9458 18.0833
4.0000 2.5888 5.6083 8.7109 11.8337 14.9643 18.0986
2.3333 2.6962 5.6682 8.7508 11.8634 14.9879 18.1183
1.5000 2.8159 5.7438 8.8028 11.9026 15.0192 18.1443
1.0000 2.9496 5.8411 8.8727 11.9561 15.0623 18.1803
0.6667 3.0989 5.9692 8.9709 12.0334 15.1255 18.2334
0.4286 3.2645 6.1407 9.1156 12.1529 15.2255 18.3188
0.2500 3.4455 6.3710 9.3397 12.3543 15.4031 18.4754
0.1111 3.6374 6.6694 9.6907 12.7210 15.7646 18.8215
0.0000 3.8317 7.0156 10.1735 13.3237 16.4706 19.6159
The roots(qi, q, ..., q11) ofequation4.2-32are a functionof a,which is provided
by equation4.2-30.The typical values ofawere 9.0 for Ba adsorption kinetics (C,0of
330 mg Ba2IL) and0.25 .- 20for Ni adsorption kinetics (C,0from 10to 600mg Ni2IL).144
The roots up to q were used because the additional terms of equation 4.2-29 become
insignificant after the
6thterm.
Table 4-10. Summary of Intrap article Diffusion Model Input Parameters
Parameters Values Units References
Ni KineticsBa Kinetics
On BS pulpOn P3 pulp
Particle radius, a 2.14x103 2.05x103cm Table 4-1
Volume of pulp, V, 0.57 3.86 cm3pulp
Volume of solution, V 60 198 cm3solution
Mass of pulp, m 0.61 4.09 g dry pulp
Pulp consistency, C,, 0.010 0.020 g dry pulp1cm3solution
Effective diffusion
2.34x107 2.61x107cm2lsec Table 4-8
coefficient, De,i
4.3.3.2 Model Predictions
Figure 4-10 shows the intraparticle diffusion model prediction ofBa2adsorption
kinetics on the P3 pulp. The model generally agreed with the data. The model also
predicted that theBa2adsorption reached the equilibrium after i mm, consistent with the
data. As mentioned before, in intraparticle diffusion, the level of agitation has no effect
on metal ion adsorption as convective film resistances are minimized. The predicted
equilibrium adsorption capacity was slightly lower than the measured value. For
example, the model showed that equilibrium was reached at 0.0 124 mmolBa2/g dry
pulp, whereas the measured equilibrium adsorption capacities at both mixing speeds were
about 0.015 mmolBa2/g dry pulp. Since the initialBa2concentration in solution was
C10of 330 mg Ba2/L, the assumption of a linear metal ion adsorption isotherm under-
predicted the equilibrium extent ofBa2adsorption.145
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Figure 4-10. Intraparticle Diffusion Model Prediction ofBa2Adsorption
Kinetics Measured on P3 Pulp at 25°C146
Presented in Figure 4-ha is the prediction ofN[12adsorption kinetics at a high
initial concentration of 600 mgNi2IL (10 mmolNi2IL). While the model predicted the
equilibrium adsorption capacity of 0.05 mmolNi2Ig dry pulp, the actual equilibrium
adsorption capacity was 0.065 mmolNi2/g dry pulp. At high solution concentrations of
metal ions, the linear relationship betweenQi,eandCi,edoes not hold. Therefore, in a
system with high solution concentration, the model tends to under-predict the adsorption
capacities.
Intraparticle diffusion model predictions were compared theNi12adsorption
kinetics measurements on BS pulp at initial metal ion solution concentrations ranging
from 10 to 60 mgNi2/L (0.17 to 1.0 mmolNi2IL). The results are shown in Figure 4-
1 lb. The symbols represent the measuredNi2adsorption capacities and the lines
represent the intraparticle model prediction. The model adequately predicted the
equilibrium adsorption capacities ofNi2for the three data sets. However, while the
model predicted that the equilibrium was reached after 5 mm, the actual equilibrium was
reached at around I mm. According to the model,Ba2adsorption reached equilibrium 4
mm faster than Ni2adsorption. One reason for this difference is that the effective
diffusion coefficient ofBa2was higher than that ofNi2.
Figure 4-11 c presents the effect of temperature on the intraparticle diffusion
model predictions ofNi2adsorption kinetics at 25 and 75 °C (C0of 60 mgNi2IL). As
temperature increased from 25 to 75 °C, equation 4.2-43 provided that the molecular
diffusion coefficient(D°12)increased from 1.22 x i0 cm2/sec to 3.56 x i0 cm2/sec.
The corresponding effective diffusion coefficient increased from 2.34x107cm2/sec to
6.81 x i0cm2/sec. While the measuredNi2adsorption rates at 25 and 75 °C were not
distinguishable from each other, the model predicted the faster adsorption rate at 75 °C
than at 25 °C. This because the effective diffusion coefficient used for the predictions at
75 °C was larger as mentioned before.
Figure 4-lid shows that the model predictions were sensitive to the definition of
diffusion coefficients. For example, the model prediction using the molecular diffusion147
0.08
0.07
0.06
0.05
0.04
z
0.03
E
0.02
0.01
0.00
C,0= 600mgNi/L
A
A
A Data
Model
I I I I I I I I I
0 1 2 3 4 5
Adsorption time (mm)
Figure 4-ha. Intraparticle Diffusion Model Prediction of Ni
2Adsorption
Kinetics at 25 °C andC,0of 600 mgNi2/L
0.04
.20.03
0.
D
0.02
z
0
E
E
0.01
0.00
C,0=6OmgNi/L
10mg Ni/L
S
I I.I.I.IiIIII
0 5 10 15 20 25 30 35
Adsorption time (mm)
Figure 4-lib. Intraparticle Diffusion Model Predictions ofNi2Adsorption
Kinetics Measured on BS Pulp at 25°C (C7,0of 10-60 mgNi2IL)148
0.04
0.
0.03
.1
a)
E
0
E
E
0.01
0.00
C,,0=60 my Ni/L
0Ni, 75°C
Model, 25°C
- - - -Model, 75°C
. I I I I I I I
0 5 10 15 20 25 30
Adsorption time (mm)
Figure 4-lic. Effect of Temperature on Diffusion Model Predictions ofNi2
Adsorption Kinetics at 25 and 75 °C(C,0of 60 mgNi2/L)
- 0.04
0.
0.
0.03
C
0
0.02
E
0
E
g. 0.01
0.00
C,0=60mgNi/L
AA
Ni,25°C
- - - - Model,(D°12)
Model,(De,i)
0 5 10 15 20 25 30
Adsorption time (mm)
Figure 4-lid. Effect of the Diffusion Coefficients on the Model Predictions for
Ba Adsorption Kinetics at 25 °C(C,,0of 60 mgNi2IL)149
coefficient(D°1 -2)were very rapid, whereas model predictions using the effective
diffusion coefficient (De,i) had a much slower adsorption rate.
4.3.3.2 Model Limitations
Model predictions at low solution metal ion concentration were satisfactory
considering that the model was based on first principles with no data fitting. From the
Lack of Fit test, there is no evidence that the proposed model is inadequate for
representing the Ni adsorption data measured on BS pulp at 25 °C and C1,0of 10 mg
NF2/L (P-Value = 0.007) and 35mg Ni2/L (P-Value = 0.017). However, there is
evidence that the proposed model is statistically inadequate in representing the data at C1,0
of 60 mg Ni2/L (P-value = 0.077) and 600 mg Ni2/L (P-value = 0.885).
The accuracy of the intraparticle diffusion model prediction relies upon a good
estimate of the effective diffusion coefficient, which involves the estimation of many
other parameters. These parameters include the radii of hydrated species, the median
pore size, the pulp density, and the molecular diffusion coefficients. All these parameters
were obtained from the literature.
There were two steps involved in determining the radius of a hydrated species.
First the radii of the hydrated ions(R0) composing the electrolyte molecule was
determined, and then the radius of the hydrated molecule(Rsoiute) was obtained. In
calculating R0, approximate hydration numbers were used because the exact numbers
were not known from the literature. In determiningRsoiute,a Van der Waals radii were
assumed. The concept assumes that there is no overlap between the electron shells of
atoms. Hence the radius of a molecule is simply the sum of the radii of all atoms
composing the molecule. In liquids, there may be some stronger bonds than Van der
Waals forces alone present. Higher interaction will result in a smaller size Of Rsoiute, and150
hence smaller Renkin X and largerDe, 1.IfDe,i were larger, the model would have
predicted a faster approach to equilibrium.
The pore size was an estimated number by the solute exclusion technique based
on the percent yield and the typeof pulp [10].Both bleached and unbleached pulps were
assumed to have the same yieldof 45%.In fact, the percent yield may drop as the pulp
moves through the bleaching process.
The bulk density and the solid density of pulp were obtained from other work [7].
The solid density was the pycnometric density, obtained by liquid displacement, and the
bulk density was calculated from the weight per volume of fiber. Factors that impact the
density were the type of pulp and the methods of measurements (e.g. helium
displacement, weight/unit volume of cell wall, or low-molecular-weight liquid
displacement). However, no technique employed for determination of pulp porosity is
perfect, and almost every experiment can be questioned [9]. The density of the bleached
southern softwood kraft pulp was used since it was the closest to the pulp samples used in
this thesis. The density for unbleached softwood kraft pulp was not available; therefore
the same number was assumed.
The diffusion coefficients of electrolyte molecules (BaC12,NiCl2)in aqueous
solution were not measured. Their values were estimated using the harmonic average of
the ionic diffusion coefficients [12]. The harmonic average is weighted by the ion charge
so that not only the slower ion influences the diffusion coefficient, but the faster ion with
a much smaller charge than the slower ion can also influence the diffusion coefficient as
well. Consequently, both slower and faster ions can diffuse at the same pace.
In addition to the errors involved with the effective diffusion coefficients, other
parameters that may have contributed additional errors to the model prediction are the
particle diameter and the partition factors. The particle diameter (2a) or the fiber width
was measured microscopically where errors were common. For example, there was35%
standard deviation with the sample sizeof 60(Table4-1).For example, the sensitivity151
analysis on theNi2adsorption data (C,0=60 mg IL) provided that when the pulp
diameters were varied from 1.39 x i0to 2.88x103cm (s.d.= 35%), the model
predicted that the 99% of equilibrium adsorption was reached in 3.5 and 15 mm,
respectively, as opposed to 8 mm when the average pulp diameter was used. As
mentioned before, the partition factor assumed a linear relationship betweenCi,eandqi,e
which was not accurate at high metal ion concentrations in solution. Also, at any given
range OfCi,e, K1was the average value of the slopes of the two lines on the isotherm
curve. The two slopes may be significantly different, especially at low solution
concentration. For example, for the range OfCi,eof 0.04-0.17 mmolNi2IL, while the
K1value was 318.78, the standard deviation was as large as 231.41 (Table 4-6)
In summary, metal ion adsorption on wood pulps is a fast process. The rate of
metal ion adsorption in the range of mixing speeds studied is intraparticle-diffusion
controlled. The intraparticle diffusion model was developed and used to predict the
adsorption kinetics at different initial metal ion concentrations in solution and
temperatures. The model employing only principles and parameters from literature with
no data fitting satisfactorily predicted the adsorption vs. time curve. However, the model
has some limitations including an assumption of a linear partition between metal ion
concentrations in solution and on the pulp.152
4.4Nomenclature
a Pulp fiber radius [cm pulp]
A Total external surface area of pulp fibers [cm3pulp]
C1 Solution concentration of metal ion in bulk solution [mrnol1cm3solution]
Cr1Concentration of free metal ion inside pulp fiber[mmol7cm3pore solution]
C,Consistency of pulp suspension [g dry pulp/cm3solution]
dsoiuieDiameter of hydrated electrolyte molecule [cm solute]
c/poreMedian diameter of pores [cm pore]
D102Diffusion coefficient of metal ion in water [cm3solution /sec]
DeiEffective diffusion coefficient of metal ion [cm3pore solution! sec]
Jr,1 Diffusion flux of metal ion [mmol !cm2-sec]
1 Pulp fiber length [cm]
n Hydration number
n1r, Total numbers of pulp fibers in the pulp suspension
N Avogrado's number
N Convective mass transfer flux of metal ion [mmol /cm2-sec]
mmol adsorbed!cm3pulp
Linear partition factor of metal ion [ 3 ]
mmol / cm pore solution
* mmol adsorbed! g dry pulp
K Linear adsorption isotherm parameter of metal ion[ 3 mmol / cm solution
K.Freundlich adsorption isotherm parameter of metal ion
ni Dry mass of pulp [g dry pulp]
M1Total amount of metal ion inside the pulp fibers [mrnol]
q,,1Concentration of adsorbed metal ion inside fibers[mmol/cm3pulp]
QI Adsorption capacity of metal ion [mrnol !g dry pulp]
r Radial position from the center of pulp fiber [cm pulp]
Radius of hydrated metal ion [cm]153
R The true ionic radius of metal ion [cm]
RsoiuteRadius of a hydrated electrolyte molecule [cm]
t Contact time [sec]
V Volume of solution free of pulp [cm3solution]
V Total volume of pulp fibers [cm3pulp]
VH,OMolar volume of water
Yr,iTotal amount of free metal ion within pulp fibers[mmol]
z,1Total amount of adsorbed metal ion within fibers[mmol]
p Bulk density of pulp, including pores [g dry pulp/cm3pulp]
p5 Solid density of pulp, excluding pores [g dry pulp/cm3pulp]
e Pulp porosity [cm3pore/cm3pulp]
a Dimensionless constant for intraparticle diffusion model
2 The ratio of solute diameter to pore diameter [cm solute /cm pore]
/3 Constant for intraparticle diffusion model [1/sec]
e At equilibrium
o At Initial
s On the surface
f At final state
t At any time t
At infinite time
r At radial position from the center of particle
p Of pulp
1 Of metal ion as solute "1"
i Of metal ion as solute "i"154
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1Conclusions
5.1.1Metal Ion Binding Sites of Wood Pulp
Wood pulp consists of two functional groups that may serve as metal ion binding
sites. These are carboxylic acid (COOH) and phenolic hydroxyl (PhOH) functional
groups. Bleached puips contain mainly carboxylic acid groups, whereas unbleached
(brownstock) pulps contain comparable amounts of both functional groups. The pKa
value of the carboxylic acid functional group is 3.77, measured by conductiometric
titration of bleached pulp, whereas the reported pKavalue of the phenolic hydroxyl
functional group is 10.
5.1.2Metal Ion Adsorption Isotherms
The adsorption of metal ions on wood pulp is an ion exchange process where
metal ions in solution stoichiometrically exchange with other metal ions as well as the
proton ion bound to the functional groups of the pulp. The saturation metal ion
adsorption capacity on bleached pulps at neutral pH of 5-7 is correlated to the carboxylic
acid group content of the pulp. The brownstock pulps are so heterogeneous that the
saturation metal ion equivalents adsorption on these pulps was not correlated to
carboxylic acid functional group content, phenolic hydroxyl functional group content, nor
the total group content.
Temperature has a negative effect on metal ion adsorption on wood puips. As the
temperature increased, the metal ion adsorption decreased. At high temperature the157
saturation metal ion adsorption, even on brownstock pulp, was stoichiometric to the
carboxylate binding site concentration. Therefore, the negative effect of temperature on
the ion exchange process is low.
5.1.3Effect of pH on Metal Ion Adsorption
The impact of pH on metal ion adsorption is related to the dissociation constants
(pKa) of wood pulp functional groups. As solution metal ion concentrations increased,
the metal ion adsorption on bleached pulp with only COOH functional groups(pKaof
3.77) was saturated at pH 4 and above. On the other hand, the adsorption on brownstock
pulps with both pulp functional groups increased in two steps, at pH 4 and 8.
Furthermore, the saturation amount of metal ions adsorbed on bleached pulp was
approximately the total metal ion equivalents of the COOH functional groups, whereas
the total saturation amount on unbleached pulp exceeded it.
5.1.4Predictions for Metal Ion Adsorption Equilibrium on Bleached Pulp
Because the metal ion adsorption on brownstock pulp was not stoichiometric to
the metal ion binding site concentration of wood pulp, especially at low temperature, only
an empirical Freundlich model was applied to describe the equilibrium adsorption
brownstock pulp. When the Freundlich adsorption constant K was used as an indicator of
the affinity of the metal ion to wood pulps, the order of affinity for a specific metal ion on
a specific pulp at 25 °C was:
Pb-BS > Ni-BS > Ca-BS > Cd-BS > Mn-BS > Ba-.BS > Zn.BS > Ni-EOP>
Ni-P3 > Ba-P3 > Na-P3
More fundamental approaches such as the ion exchange equilibrium and Donnan
equilibrium models were developed for describing the equilibrium adsorption of metal
ions on homogeneous bleached pulps. Both models assumed that only carboxylate158
groups served as metal ion binding sites. The models can be extended for predicting data
measured on brownstock pulps at high pH where phenolic hydroxyl functional groups are
dissociated if the binary metal ion equilibrium constants on phenolic hydroxyl groups are
known.
The ion exchange equilibrium model prediction requires at least two binary
equilibrium constants(KM, Kca)from two independent measurements. Based on
the binary equilibrium constants, the order of affinity for the binding of cations on
bleached pulp was H >Ba2>Ca2>Mn2> Mg > Na4. These divalent metal ions
have equilibrium constants that are of the same order of magnitude, and hence they are
competing for the metal ion binding sites of wood pulp better than monovalent Na that
has smaller equilibrium constant. The solution activity had little impact on the values of
the binary equilibrium constants, especially those of divalent-divalent metal ion
adsorptions.
The model also requires two stoichiometry constants(nandH)For each pair
of components, the measured mole of metal ion carboxylate per mole of probe metal ion
(n1) was close to the theoretical value, whereas the measured mole of metal ion
carboxylate per mole of free hydrogen(H) was smaller. The measured values were
used as model input parameters instead of the theoretical values.
For binary metal ion adsorption at neutral pH, the ion-exchange model generally
predicted the adsorption of metal ions better than the Donnan equilibrium model. When
the ion-exchange equilibrium model was extended to predict the equilibrium adsorption
of multi-component metal ions, the model satisfactorily predicted metal ion adsorption
from pH 4.5 to 7.0, the same pH range at which the binary equilibrium constants were
measured. At pH below 4, the model under-predicted the metal ion adsorption due to a
lack of a fixed value for the stoichiometry parameter159
The Donnan equilibrium model is simpler than the ion-exchange model. The
model needs only the known intrinsic properties of the pulp, the final pH, and the total
metal ions loading on the pulp. The Donnan equilibrium model was derived by assuming
a specific Donnan distribution of hydrogen ions in combination with a non-specific
Donnan distribution of all other metal ions. Because the Donnan distribution constants
(2) are non-specific to metal ions but lump-sum amounts of all metal ions with the same
valence, the Donnan equilibrium model predictions are biased toward metal ions with
higher amounts of loading into the system. The model predicted the adsorption of
divalent-divalent metal ions better than monovalent-divalent metal ions. Furthermore,
the Donnan distribution constants (2) assumed the specific distribution of hydrogen ions,
hence the Donnan equilibrium model was more sensitive to pH change than the ion
exchange model.
Both the ion exchange and Donnan equilibrium model satisfactorily predicted the
pH isotherm experiments, which measured the Ca/Na adsorption isotherms as a function
of pH. At neutral pH, the model predictions agreed with the data on both bleached and
brownstock pulps. At pH above 8, both models predicted the saturation metal ion
equivalent adsorbed amount up to the amount of COOH sites, and hence under-predicted
the amount adsorbed on brownstock pulp. At low pH, the Donnan model predicted the
adsorption of Ca/Na better than the ion exchange model because the model assumed a
specific distribution of hydrogen ions between the pore solution and the external solution.
5.1.5Metal Ion Adsorption Kinetics on Bleached Pulp
Metal ion adsorption on wood pulps is a rapid process. The adsorption of most
metal ions reached equilibrium within 5 mm. Most data from kinetic experiments
supported the findings from the adsorption isotherm experiments. For example,
temperature has a negative impact on metal ion adsorption. Furthermore, the adsorption
is an ion exchange process only at low solution metal ion concentration.160
5.1.6Predictions for Metal Ion Adsorption Kinetics on Bleached Pulp
Two models were developed for describing metal ion adsorption kinetics: the
intraparticle diffusion and the convective mass transfer rate-limiting models. Since
changing the mixing speeds had no effect on the rate of adsorption, the mass transfer rate
was controlled by the intraparticle diffusion process within the range of the mixing
speeds of interest. Wood pulp fibers are porous and cylindrical in shape. The
intraparticle diffusion model considers the transfer of metal ion from the bulk solution to
the pore solution inside the pulp fibers. The intraparticle diffusion model did not employ
the data fitting approach but was based purely on principles. Although the model relied
on many assumptions, especially for the effective diffusion coefficients, the model
satisfactorily predicted the rate of metal ion adsorption. Because an analytical solution
for the intraparticle diffusion model with a non-linear partition factor between free metal
ion and bound metal ion concentrations is not available at the time, the model is suitable
only for a system with low metal ion concentration where a linear partition factor is valid.
5.2Recommendations for Future Work
The functional groups of wood pulp determine the extent of metal ion adsorption
at a particular pH. The metal binding characteristics of pulp functional groups on
bleached pulp were well understood in this study. Further study should be done for a
better understanding of the pulp functional groups of unbleached wood puips. A question
that should be addressed is whether wood pulp functional groups have a spectrum Of pKa
or a set of discrete pKa.In order to predict the metal ion adsorption isotherms on
unbleached puips better, the equilibrium models should incorporate these several binding
sites.
The equilibrium models developed in this thesis provide fundamental insights into
pulp washing processes that cannot be obtained by experiments alone. These computer-161
based models will be most useful if they are incorporated into process simulations that
predict NPE distribution and their fate in bleach plant pulp washing operations with wash
water recycle.
Equilibrium data alone may not be sufficient to estimate the metal distributions
within rapid pulp washing processes. Some pulp washing processes are so rapid that
equilibrium may not be reached. Therefore, a kinetic study is important in assessing the
mass transfer limiting actions in pulp washing operations. The model developed in this
thesis provides a framework for describing the metal ion adsorption kinetics. The
diffusion coefficients of diffusing metal ion molecules in the pore solution of pulp fibers
can be measured if a more accurate prediction is needed. In a case of high metal ion
concentration in solution, the model can be extended for a non-linear partitioning
between metal ions in the solution and on the pulp.
The ion exchange and Donnan equilibrium models can satisfactorily predict the
multicomponent metal ion adsorption on wood pulps with a small number of variables.
However, in order to accurately predict the distribution of metal ions in the whole
fiberline, a more general model that incorporates the Donnan effects into a stoichiometric
ion-exchange process should be developed. The so-called Donnan ion exchange model is
still new in the area of pulp and paper science and is quite complicated. The combination
of ion exchange and Doiman equilibrium will account for metal ions in three phases: the
adsorbed phase, the water-swollen fiber walls, and the bulk liquid phase. The first two
phases are linked through ion exchange, whereas the last two phases are linked through
Donnan exclusion, which in turn depends on the ionized fixed charges on the pulp fibers.162
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